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Valine metabolite, 3-hydroxyisobutyrate, promotes lipid metabolism and cell proliferation in porcine mammary gland epithelial cells
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Improving mammary gland epithelial cells proliferation through nutrition is an important approach for enhancing sow milk production and piglet growth. An intermediate metabolite of valine, 3-hydroxyisobutyrate (3-HIB), regulates cellular lipid metabolism. In the present study, we investigated the effects of 3-HIB on porcine mammary gland epithelial cells proliferation and lipid metabolism. The addition of an appropriate concentration of 3-HIB significantly increased mammary gland epithelial cell proliferation and the expression of proteins associated with cell proliferation. Compared to the control group, the addition of 0.4–0.8 mM 3-HIB increased the expression levels of mTOR signaling pathway-related proteins and the cell cycle protein, Cyclin D1, while inhibiting the expression of the cell cycle arrest protein, P27. The addition of 0.8 mM 3-HIB increased the triglyceride and lipid droplet content in the cells. The addition of 3-HIB increased the expression of proteins related to de novo fatty acid synthesis and transport, resulting in a marked increase in most polyunsaturated fatty acids in the 3-HIB-added group. Compared to the control group, the addition of 0.8 mM 3-HIB increased the expression levels of the fatty acid oxidation-related proteins, ACSL and CAD, ultimately increasing cellular ATP synthesis. In summary, the addition of 0.8 mM 3-HIB to porcine mammary gland epithelial cells promotes cell proliferation by enhancing lipid metabolism and the expression of cell proliferation-related proteins.
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Introduction

Enhancing the lactation performance of sows is the key to improving the performance of weaned piglets and shortening the marketing age of growing-finishing pigs (1). The lactation ability of sows depends mainly on the number of porcine mammary gland epithelial cells (PMECs) and their secretory activity (2). Therefore, insufficient proliferation of PMECs, which leads to reduced milk production, is a major factor limiting the growth performance of piglets (2). Enhancing PMECs proliferation to improve lactation performance is imperative in pork production. During late pregnancy and the lactation period, PMECs begin to proliferate and differentiate into lobules and ducts, which form the mammary gland tissue (3). As lactation progresses, PMECs continue to divide and proliferate, producing more milk (4). Therefore, enhancing the proliferation of PMECs is the key to increasing milk production and improving the growth performance of piglets.

Valine is considered the second or third most limiting amino acid with the highest absolute absorption in the mammary gland tissue of sows during lactation (5). Only 60% of the ingested valine is exported in the form of milk, whereas up to 40% is involved in the internal physiological metabolism of the mammary gland (6). Thus, valine plays a key role in the physiological regulation of lactation in sows (2). Previous studies by our research group have found that increasing the level of valine in the diet of sows can increase the alveolar lumen area of the mammary gland tissue and milk production, thereby improving the survival rate and growth performance of nursing piglets (7). However, the underlying molecular mechanisms remain unclear and require further research.

The promotion of PMECs proliferation and an increase in the alveolar lumen area in sows by valine may be related to its metabolites. Using porcine intestinal epithelial cells as the research subject, the impact of valine supplementation on cellular lipid metabolism was investigated. Valine supplementation strongly promoted cellular fatty acid transport, thereby increasing triglyceride synthesis and cell proliferation (8). This study provides an important methodological reference for improving the composition of sow milk by nutritional means.

The entire valine metabolic process requires the participation of more than 10 enzymes (9). During this process, 3-hydroxyisobutyryl-CoA is formed and further converted into 3-hydroxyisobutyrate (3-HIB) under the catalytic action of 3-hydroxyisobutyrate-CoA deacylase (HIBCH) (9). However, silencing the expression of the HIBCH gene using siRNA to reduce 3-HIB synthesis leads to a substantial decrease in cellular triglyceride synthesis (8). This indicates that 3-HIB may be a key metabolite mediating the regulation of cellular lipid metabolism via valine. Recent studies have shown that when valine metabolites are oxidized in the mitochondria, almost all metabolic products enter the tricarboxylic acid cycle for oxidative energy supply (10). However, 3-HIB is the only unique substance that can “escape” mitochondrial oxidation and participate in the regulation of cellular lipid metabolism, playing an important role in the regulation of lipid synthesis (11). Currently, 3-HIB has been confirmed to regulate fatty acid transport and promotes cell proliferation in human and mouse skeletal muscle cells (12, 13), as well as in porcine intestinal epithelial cells (8). The proliferation of PMECs is fundamental for mammary tissue development to ensure milk production. In PMECs, lipid metabolism, especially fatty acid β-oxidation in cells, is an important source of energy required for cell proliferation (14). Therefore, it was hypothesized that 3-HIB could regulate cell proliferation by improving lipid metabolism in PMECs. This research elucidates the mechanism by which valine regulates the proliferation and lipid metabolism of PMECs, but also provides a reference for the future application of 3-HIB in sow production.



Materials and methods


Chemicals and reagents

Cell culture-related reagents, including Dulbecco’s modified Eagle’s F12 Ham medium (DMEM/F12), fetal bovine serum (FBS), antibiotics, trypsin/EDTA, and sterile phosphate-buffered saline (PBS), were procured from Invitrogen (Carlsbad, CA). The 3-HIB was obtained from Sigma-Aldrich (St. Louis, MO). Insulin, hydrocortisone, epidermal growth factor, oil Red O staining kit, Cell Counting Kit-8 (CCK8), cell lysis buffer, BCA protein assay kit, Hoechst 33342, and EdU enhancement detection kit were purchased from Beyotime Biotechnology (Shanghai, China). Triglyceride kits and Western blotting reagents, including transfer and electrophoresis buffers, and blocking solution, were purchased from Applygen Technologies, Inc. (Beijing, China). Anti-cyclin D1, anti-caspase 3, anti-P27, anti-CD36, and anti-ACC antibodies were purchased from Cell Signaling Technology (Beverly, MA). Anti-FASN, anti-SLC27A1, anti-FABP3, anti-LPL, and anti-DGAT were purchased from Abcam (Cambridge, UK). Anti-CPT1, anti-ACSL, and anti-CAD antibodies were purchased from Proteintech (Proteintech Group, United States). Anti-rabbit IgG, anti-mouse IgG, and anti-β-actin antibodies were purchased from AmyJet Scientific (Wuhan, China).



Cell culture and treatment

The PMECs were conducted exactly as previously described (15). The method for culturing PMECs was based on a previous study (16). The culture medium contained 10% FBS, 5 μg/mL insulin, 1 μg/mL hydrocortisone, 5 ng/mL epidermal growth factor (EGF), 1% penicillin and streptomycin and cells were maintained at 37°C in a humidified atmosphere with 5% CO2. The cell culture medium was replaced every 48 h, and the cells were passaged for further culture using 0.25% trypsin–EDTA when they reached 90% confluence. Referring to our previous research (16), PMECs were reseeded at 6.0 × 103 cells/well in 96-well plates or 2.5 × 105 cells/well in six-well plates. The 3-HIB was dissolved into a stock solution using PBS, which was then diluted according to the specific concentrations used in the experiment.



Cell viability assay

The PMECs were cultured in a 96-well culture plate and treated with different concentrations of 3-HIB (0, 0.2, 0.4, 0.8, and 1.6 mM) for 4, 8, 16, 24, and 48 h, after which 20 μL CCK-8 reagent was added to each well and incubation was continued for a further 2 h. The absorbance at 450 nm in each well was measured using an enzyme-labeling instrument (Thermo Fisher Scientific, Carlsbad, CA). Cell proliferation was detected using EdU Cell Proliferation Detection Kit according to the manufacturer’s protocol. Briefly, after treating the cells with 3-HIB for 16 h, 10 μM EdU reagent was added to each well and incubation was continued for 2 h. The culture medium was the discarded and the cells were fixed with 4% paraformaldehyde for 15 min. The fixative was removed and the cells were washed with PBS and treated with 0.3% Triton X-100 for 10 min. After discarding the Triton X-100 and washing twice, 100 μL of Click reaction solution from EdU Cell Proliferation Detection Kit was added to each well and incubated for 30 min. Click wash buffer was used to wash the cells three times. Subsequently, cell nuclei were stained with Hoechst 33342 for 10 min. After nuclear staining, the cells were washed three times and observed under a fluorescence microscope (NIS-Elements, Nikon, Japan).



Oil red O staining

Cells were treated with different concentrations of 3-HIB (0, 0.2, 0.4, 0.8, and 1.6 mM) for 72 h and fixed with 4% paraformaldehyde for 30 min. The cells were washed with isopropanol and stained with Oil Red O staining solution for 30 min, followed by two washes with isopropanol and ultrapure water, respectively. The cell nuclei were stained with hematoxylin for 10 min and rinsed. Finally, the cells were examined and photographed under a microscope (NIS-Elements, Nikon, Japan).



Analysis of fatty acid composition

The PMECs were cultured in six-well culture plates and treated with concentrations of 3-HIB concentration (0 mM or 0.8 mM) for 12 h. After washing with PBS, cells were collected using a cell scraper. The number of cells in each replicate was recorded to correct for fatty acid composition analysis. Determination of fatty acid composition in the cells was performed according to methods used in previous studies (8). The method for determining fatty acid composition included steps such as extraction of fatty acids from cells, fatty acid methylation, and gas chromatography. The results were calculated based on the corresponding peak area ratios.



Western blot analysis

The cells were seeded in six-well plates and treated with different concentrations of 3-HIB (0, 0.2, 0.4, 0.8, and 1.6 mM) for 48 h. After treatment, cell samples were collected using a cell lysis buffer. The collected cell samples were centrifuged at 12,000 × g for 15 min at 4°C and the supernatant was used for concentration determination and target protein expression analysis. A BCA protein concentration assay kit was used to determine the cellular protein concentration following the manufacturer’s instructions. Protein expression levels were determined based on previous studies (17); methods included sample preparation, protein electrophoresis, transfer, blocking, and antibody incubation. Immunoreactivity was visualized with chemiluminescent HRP substrate (Millipore, Billerica, MA) using the VersaDoc imaging system (Tanon, China). The protein loading amount was 20 μg per well, with electrophoresis parameters set at a low voltage of 70 V for 30 min, followed by a high voltage of 110 V for 1 h. A constant-current transfer membrane was used at 250 mA for 90 min. A rapid blocking solution (Beyotime Biotechnology) was used for 30 min. The primary antibody was incubated at 4°C for approximately 16 h, followed by incubation with the secondary antibody at 25°C for 1 h. Band intensities were obtained using the ImageJ software after normalization to β-actin.



Statistical analysis

All data are presented in the Tables and Figures as means ± standard error of the mean (SEM). The SPSS statistical software program (v. 19.0, SPSS; IBM SPSS Company, Chicago, IL, United States) was used to test the significance of the data using one-way analysis of variance, and Tukey’s test was used to determine the differences among the groups. Statistical significance was set at p < 0.05.




Results


Effect of 3-HIB supplementation on cell proliferation

The effects of different concentrations of 3-HIB on cell proliferation were tested after 2, 4, 8, 16, 24, and 48 h (Table 1). The 3-HIB treatment did not affect cell proliferation during the first 8 h (p > 0.05). When treated with 3-HIB for 16 h, cell proliferation in all treatment groups significantly increased with the concentration of 3-HIB, with the 0.8 mM-1.6 mM treatment groups showing significantly higher cell proliferation than the low-concentration treatment groups (p < 0.05). Treatment with 3-HIB for 24 h did not affect cell proliferation. When cells were treated for 48 h, the proliferation results were similar to those at 16 h, with the 0.4–1.6 mM treatment groups showing significantly higher cell proliferation than the 0–0.2 mM concentration treatment groups (p < 0.05). The results of the EdU detection method were consistent with those of CCK8 method; the group treated with 0.8 mM 3-HIB demonstrated higher cell proliferation (Figure 1).



TABLE 1 Effect of 3-HIB supplementation on the proliferation of cells.
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FIGURE 1
 Effect of different 3-HIB concentrations on cell proliferation after 16 h. (A) Detection of cell proliferation using the CCK-8 assay. (B) Detection of cell proliferation using the EdU assay.




Effects of 3-HIB supplementation on the expression of cell proliferation-related proteins

To investigate the mechanism of cell proliferation induced by 3-HIB, the expression levels of proteins related to cell proliferation and apoptosis were examined. Compared to the control group with no addition, the groups treated with 0.4 mM or 0.8 mM 3-HIB significantly increased the expression levels of cellular mTOR and its downstream P70 protein (p < 0.05), whereas the addition of 3-HIB did not affect the expression of 4EBP1 protein (P > 0.05) (Figure 2). The cell cycle-related protein expression tests showed that, consistent with the mTOR protein expression levels, the addition of 0.8 mM 3-HIB significantly increased the expression of Cyclin D1 protein while simultaneously inhibiting the expression of the cell cycle inhibitor protein P27 (p < 0.05). The addition of different concentrations of 3-HIB did not affect the expression of the apoptotic protein caspase-3.

[image: Figure 2]

FIGURE 2
 Effect of 3-HIB on the expression of cell proliferation-related proteins. (A) Detection of proteins related to the mTOR signaling pathway using Western blotting. (B) Detection of proteins related to cell proliferation and apoptosis using Western blotting. Data are shown as mean ± standard error of mean; means not sharing the same letter are significantly different (p < 0.05).




Effects of 3-HIB supplementation on the triglyceride and lipid droplet synthesis

Fatty acids are a primary source of cellular energy and we verified whether lipid metabolism affected cell proliferation. The addition of 0.4 mM or 0.8 mM 3-HIB to the culture medium significantly increased the concentration of cellular triglycerides compared to the control group (p < 0.05, Figure 3A). Oil Red O staining was used to observe cellular lipid droplet synthesis. Consistent with the triglyceride results, the synthesis of lipid droplets in the cells gradually increased with the addition of higher amounts of 3-HIB (Figure 3B).

[image: Figure 3]

FIGURE 3
 Effects of 3-HIB on cellular triglyceride and lipid droplet synthesis. (A) Detection of triglyceride synthesis using the Applygen Technologies, Inc. triglyceride test kit. (B) Detection of lipid droplet synthesis using Oil Red O staining. Data are shown as mean ± standard error of mean; means not sharing the same letter are different (p < 0.05).




Effects of 3-HIB supplementation on the cellular fatty acid composition

To investigate why 3-HIB supplementation promoted the synthesis of cellular triglycerides and lipid droplets, cells were treated with an optimal dosage of 3-HIB (0.8 mM) and the control group (0 mM) for cellular fatty acid composition analysis. The addition of 3-HIB to the culture medium increased the content of various fatty acids in the cells (Table 2). The concentrations of long-chain fatty acids, such as C15:0, C20:0, and C22:0, in the cells were significantly higher than those in the control group (p < 0.05). Additionally, the concentrations of unsaturated fatty acids such as C16:1, C18:2, C20:3, and C20:4 in the cells were higher in the 3-HIB-supplemented group compared than in the control group (p < 0.05). This suggests that 3-HIB plays a functional role in promoting fatty acid transport in the cells.



TABLE 2 Effect of 3-HIB supplementation on the fatty acid composition of cells.
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Effects of 3-HIB supplementation on the expression of lipid metabolism-related proteins

To verify that the addition of 3-HIB promoted the transport of extracellular fatty acids into cells, the expression levels of proteins related to lipid metabolism, including those involved in fatty acid transport and de novo fatty acid synthesis were investigated. Regarding de novo fatty acid synthesis, the addition of 3-HIB did not affect the expression levels of the key proteins involved in this process, DGAT and ACC, relative to the control group (p > 0.05) (Figure 4). However, the expression levels of key proteins involved in cellular fatty acid transport, such as FABP3 and SLC27A1, were significantly increased in the group treated with 0.8 mM and 0.4 mM 3-HIB, respectively (p < 0.05). This demonstrates that 3-HIB promotes the transport of fatty acids in cells.

[image: Figure 4]

FIGURE 4
 Effect of 3-HIB on the expression of lipid metabolism-related proteins. Data are shown as mean ± standard error of mean; means not sharing the same letter are different (p < 0.05).




Effects of 3-HIB supplementation on cellular ATP production

Further tests were conducted to determine whether the synthesized fatty acids increased oxidation to provide energy for cell proliferation. The effects of different concentrations of 3-HIB on ATP production were determined at 2, 4, 8, 16, 24, and 48 h (Table 3). The addition of different concentrations of 3-HIB to the culture medium did not affect cellular ATP production within the first 0–8 h. However, the addition of 0.8 mM or 1.6 mM 3-HIB to the culture medium significantly increased cellular ATP production compared to the control group at 16 and 24 h (p < 0.05). Addition of 3-HIB did not affect ATP production when the cells were cultured for 48 h (p > 0.05). This indicates that the addition of 3-HIB promotes the oxidation of cellular fatty acids to provide energy for cell proliferation.



TABLE 3 Effect of 3-HIB supplementation on the ATP production of cells.
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Effects of 3-HIB supplementation on the expression of fatty acid oxidation-related proteins

To verify that the addition of 3-HIB increased fatty acid oxidation, the expression of proteins involved in fatty acid oxidation, including CPT-1, ACSL, and CAD, were determined (Figure 5). Adding 3-HIB to the culture medium does not affect the expression level of the key protein for fatty acid β-oxidation (CPT1) (p < 0.05). However, the expression levels of ACSL and CAD proteins were significantly elevated in the group treated with 0.8 mM 3-HIB compared to the control (p < 0.05). This indicates that an appropriate concentration of 3-HIB can regulate the expression of proteins related to fatty acid oxidation, promoting the β-oxidation process and ATP production.

[image: Figure 5]

FIGURE 5
 Effect of 3-HIB on the expression of fatty acid oxidation-related proteins. Data are shown as mean ± standard error of mean; means not sharing the same letter are different (p < 0.05).





Discussion

Valine is a branched-chain amino acid that produces various intermediate products during metabolic processes in organisms (9). Of these intermediate products, 3-HIB has attracted widespread attention in recent years (18, 19). The current study found that 3-HIB could regulate the proliferation of PMECs by promoting fatty acid metabolism, including fatty acid transport and oxidative energy supply. This finding corresponds with the latest research progress (8), both domestically and internationally, and provides a new perspective for understanding the mechanism of action of valine or 3-HIB on cell proliferation.

Currently, research on 3-HIB regulation of lipid metabolism in cells has focused on humans and mice in human adipocytes (12) and mouse skeletal muscle cells (20), respectively. In human adipocytes, 3-HIB promotes the uptake of exogenous fatty acids by adipocytes, increases the substrate concentration for triglyceride synthesis, and inhibits 3-HIB synthase 3-hydroxyisobutyryl-CoA deacylase (HIBCH), substantially reducing lipid synthesis in cells (12). In mice, the intake of 3-HIB through drinking water or intramuscular injection leads to the accumulation of diacylglycerol in skeletal muscles, indicating that 3-HIB promotes lipid synthesis in mouse skeletal muscle cells (21). Knock-out of the HIBCH gene in mouse skeletal muscle cells inhibits the transport of fatty acids, whereas knock-out of the 3-HIB metabolic enzyme, 3-hydroxyisobutyryl-CoA dehydrogenase (HIBADH) to reduce the metabolic rate of 3-HIB, substantially increases cellular fatty acid intake (10). The studies indicate that 3-HIB can act as an agonist of fatty acid transport carriers, promoting the transport of more fatty acids into the cells for lipid synthesis, which is corroborated by the current study. To the best of our knowledge, this is the first time that 3-HIB has been shown to promote proliferation and fatty acid transport using PMECs.

In PMECs, fatty acids not only serve as essential nutrients to maintain normal cellular physiological functions but also become an important energy source for cell proliferation through β-oxidation (22). Fatty acids can act as signaling molecules that regulate key cellular signaling pathways (23). Abnormalities in fatty acid metabolism are often accompanied by cellular dysfunction (24). Recent studies have shown that 3-HIB affects fatty acid metabolism via various pathways, thereby regulating cell proliferation (8). In the current study, 3-HIB was found to promotes the expression of fatty acid transport proteins in PMECs, enhancing the ability of cells to take up fatty acids. The most abundant fatty acids in sow milk fat are long-chain fatty acids (LCFA), with palmitic and oleic acids being the most abundant, followed by linoleic acid, whereas the contents of medium-and short-chain fatty acids is very low (25). Medium-and short-chain fatty acids in mammary gland cells are synthesized de novo (26), whereas long-chain fatty acids mainly originate from the transportation of extracellular fatty acids into cells (27). Therefore, fatty acid transport plays a decisive role in milk fat synthesis. The current study found that 3-HIB increased the expression of fatty acid transport proteins, thereby enhancing the cellular uptake of fatty acids, increasing the content of long-chain fatty acids within the cells, and ultimately boosting the synthesis of triglycerides and lipid droplets. This finding is consistent with that of previous research on mice (21). Numerous studies have reported increased circulating valine and 3-HIB concentrations in obesity and insulin resistance, indicating that 3-HIB is closely related to cellular lipid metabolism (28, 29). The mechanism by which 3-HIB regulates cellular fatty acid transport remains unclear. Some studies have suggested that 3-HIB promotes the expression of fatty acid transport proteins by activating certain signaling pathways, such as the PI3K/Akt pathway (30).

Fatty acid oxidation is an important pathway for cellular energy production (31). In two stages, β-oxidation and ω-oxidation, fatty acids are converted to acetyl-CoA, which eventually enters the tricarboxylic acid cycle to produce energy (25). Previous studies in mice have found that the concentration of 3-HIB in plasma has become an important marker of the extent of mitochondrial fatty acid β-oxidation in mouse livers (32). The results of the current study indicate that 3-HIB promotes the activity of enzymes related to fatty acid oxidation in mammary gland cells and enhances the oxidative energy supply of fatty acids, thereby promoting cell proliferation. The 3-HIB can promote the process of fatty acid β-oxidation by upregulating the expression of proteins related to fatty acid oxidation, such as ACSL and CAD. This is consistent with the results of ATP synthesis in cells. However, there are no reports on the mechanism by which 3-HIB regulates cellular fatty acid oxidation. Some studies have shown that, in terms of fatty acid oxidation, 3-HIB may affect cellular metabolism through various pathways. The 3-HIB promotes mitochondrial respiratory chain activity, thereby increasing the efficiency of ATP synthesis within cells (32). In addition to directly promoting fatty acid metabolism, 3-HIB also indirectly affects the proliferation of PMECs through other pathways. For example, 3-HIB induces the expression of autophagy-related genes and promotes autophagy (33). Autophagy is the process of intracellular degradation and recycling of cellular components, and is important for maintaining cellular homeostasis and adapting to environmental changes (34). Studies have shown that 3-HIB promotes autophagy by upregulating the expression of autophagy-related genes (35), thereby providing the energy and materials necessary for cell proliferation. Therefore, further exploration of how 3-HIB affects the function of PMECs through autophagy is a worthwhile direction for future research.



Conclusion

The study demonstrated that an appropriate concentration of 3-HIB can promote the proliferation of PMECs. This mechanism involves the ability of 3-HIB to regulate the expression of proteins related to fatty acid metabolism, thereby promoting the transport of fatty acids into the cells and enhancing intracellular fatty acid oxidation to produce ATP, which provides energy for cell proliferation. This study elucidates a new function of 3-HIB, and offers a novel explanation of the mechanism by which valine promotes the proliferation of PMECs.



Data availability statement

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.



Author contributions

LC: Funding acquisition, Writing – original draft, Project administration, Writing – review & editing. LL: Project administration, Writing – original draft. MX: Investigation, Methodology, Validation, Writing – original draft. ZF: Conceptualization, Formal analysis, Writing – review & editing. LN: Methodology, Validation, Writing – review & editing. YC: Project administration, Writing – review & editing. XC: Project administration, Writing – review & editing. PZ: Data curation, Project administration, Writing – review & editing. ML: Data curation, Project administration, Writing – review & editing. HD: Resources, Software, Supervision, Writing – original draft. WC: Resources, Supervision, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The present study was supported by National Key Research and Development Program of China (2023YFD1300801-03); National Natural Science Foundation of China (32202678); Key Project of Science and Technology of Henan Province (242102111021). Sichuan Science and Technology Program (2022YFH0064).



Acknowledgments

Special thanks to Professor Hongyu Deng and Professor Wen Chen for their invaluable support and guidance during my postdoctoral research (Postdoctoral ID number: 329948).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Blavi, L, Solà-Oriol, D, Llonch, P, López-Vergé, S, Martín-Orúe, SM, and Pérez, JF. Management and feeding strategies in early life to increase piglet performance and welfare around weaning: a review. Animals. (2021) 11:302. doi: 10.3390/ani11020302 

 2. Rezaei, R, Wu, Z, Hou, Y, Bzaer, FW, and Wu, G. Amino acids and mammary gland development: nutritional implications for milk production and neonatal growth. J Anim Sci Biotechnol. (2016) 7:20–2. doi: 10.1186/s40104-016-0078-8 

 3. Sørensen, MT, Sejrsen, K, and Purup, S. Mammary gland development in gilts. Livest Sci. (2002) 75:143–8. doi: 10.1016/s0301-6226(01)00310-4

 4. Farmer, C, and Petitclerc, D. Specific window of prolactin inhibition in late gestation decreases mammary parenchymal tissue development in gilts. J Anim Sci. (2003) 81:1823–9. doi: 10.2527/2003.8171823x 

 5. Manjarin, R, Zamora, V, Wu, G, Steibel, JP, Kirkwood, RN, Taylor, NP , et al. Effect of amino acids supply in reduced crude protein diets on performance, efficiency of mammary uptake, and transporter gene expression in lactating sows. J Anim Sci. (2012) 90:3088–100. doi: 10.2527/jas.2011-4338 

 6. Manjarin, R, Bequette, BJ, Wu, G, and Trottier, NL. Linking our understanding of mammary gland metabolism to amino acid nutrition. Amino Acids. (2014) 46:2447–62. doi: 10.1007/s00726-014-1818-8 

 7. Che, L, Xu, M, Gao, K, Wang, L, Yang, X, Wen, X , et al. Effects of dietary valine supplementation during late gestation on the reproductive performance and mammary gland development of gilts. J Anim Sci Biotechnol. (2020) 11:15–3. doi: 10.1186/s40104-019-0420-z 

 8. Xu, M, Che, L, Niu, L, Wang, N, Li, M, Jiang, D , et al. Molecular mechanism of valine and its metabolite in improving triglyceride synthesis of porcine intestinal epithelial cells. Sci Rep. (2023) 13:2933. doi: 10.1038/s41598-023-30036-w 

 9. Cole, JT. Metabolism of BCAAs. Nutr Health, (2015), 1 13–24. doi: 10.1007/978-1-4939-1923-9_2

 10. Supruniuk, E, Ebrowska, E, and Chabowski, A. Branched chain amino acids-friend or foe in the control of energy substrate turnover and insulin sensitivity? Crit Rev Food Sci Nutr. (2021) 63:2559–97. doi: 10.1080/10408398.2021.1977910 

 11. Jang, C, Oh, SF, Wada, S, Rowe, GC, Liu, L, Chan, MC , et al. A branched-chain amino acid metabolite drives vascular fatty acid transport and causes insulin resistance. Nat Med. (2016) 22:421–6. doi: 10.1038/nm.4057 

 12. Nilsen, MS, Jersin, RA, Ulvik, A, Mccann, A, McCann, A, Svensson, P , et al. 3-Hydroxyisobutyrate, a strong marker of insulin resistance in type 2 diabetes and obesity that modulates white and brown adipocyte metabolism. Diabetes. (2020) 69:1903–16. doi: 10.2337/db19-1174 

 13. Jersin, R, Tallapragada, D, Madsen, A, Skartveit, L, Fjære, E, McCann, A , et al. Role of the neutral amino acid transporter SLC7A10 in adipocyte lipid storage, obesity, and insulin resistance. Diabetes. (2021) 70:680–95. doi: 10.2337/db20-0096 

 14. Zhe, L, Krogh, U, Lauridsen, C, Fang, Z, and Theil, PK. Impact of dietary fat levels and fatty acid composition on milk fat synthesis in sows at peak lactation. J Anim Sci Biotechnol. (2023) 14:42. doi: 10.1186/s40104-022-00815-y 

 15. Dahanayaka, S, Rezaei, R, Porter, WW, Johnson, GA, Burghardt, RC, Bazer, FW , et al. Technical note: isolation and characterization of porcine mammary epithelial cells. J Anim Sci. (2015) 93:5186–93. doi: 10.2527/jas.2015-9250 

 16. Che, L, Xu, M, Gao, K, Zhu, C, Wang, L, Yang, X , et al. Valine increases milk fat synthesis in mammary gland of gilts through stimulating AKT/MTOR/SREBP1 pathway. Biol Reprod. (2019) 101:126–37. doi: 10.1093/biolre/ioz065 

 17. Xu, M, Che, L, Gao, K, Wang, L, Yang, X, Wen, X , et al. Taurine alleviates oxidative stress in porcine mammary epithelial cells by stimulating the Nrf2-MAPK signaling pathway. Food Sci Nutr. (2023) 11:1736–46. doi: 10.1002/fsn3.3203 

 18. Meyer, M, Hollenbeck, JC, Reunert, J, Seelhöfer, A, Rust, S, Fobker, M , et al. 3-Hydroxyisobutyrate dehydrogenase (HIBADH) deficiency-a novel disorder of valine metabolism. J Inherit Metab Dis. (2021) 44:1323–9. doi: 10.1002/jimd.12410 

 19. Bjune, MS, Lawrence-Archer, L, Laupsa-Borge, J, Sommersten, CH, McCann, A, Glastad, RC , et al. Metabolic role of the hepatic valine/3-hydroxyisobutyrate (3-HIB) pathway in fatty liver disease. EBioMedicine. (2023) 91:104569. doi: 10.1016/j.ebiom.2023.104569 

 20. Bishop, CA, Machate, T, Henning, T, Henkel, J, Püschel, G, Weber, D , et al. Detrimental effects of branched-chain amino acids in glucose tolerance can be attributed to valine induced glucotoxicity in skeletal muscle. Nutr Diabetes. (2022) 12:20. doi: 10.1038/s41387-022-00200-8 

 21. Arany, Z, and Neinast, M. Branched chain amino acids in metabolic disease. Curr Diab Rep. (2018) 18:76–84. doi: 10.1007/s11892-018-1048-7 

 22. Kim, SW, Mateo, RD, Yin, Y, and Wu, G. Functional amino acids and fatty acids for enhancing production performance of sows and piglets. Asian Australas J Anim Sci. (2007) 20:295–306. doi: 10.5713/AJAS.2007.295

 23. Cucchi, D, Camacho-Muñoz, D, Certo, M, Pucino, V, Nicolaou, A, and Mauro, C. Fatty acids-from energy substrates to key regulators of cell survival, proliferation and effector function. Cell Stress. (2020) 4:9–23. doi: 10.15698/cst2020.01.209 

 24. Yan, L, Rust, BM, Sundaram, S, and Bukowski, MR. Metabolomic alterations in mammary glands from pubertal mice fed a high-fat diet. Nutr Metab Insights. (2023) 16:11786388221148858. doi: 10.1177/11786388221148858 

 25. Barber, MC, Clegg, RA, Travers, MT, and Vernon, RG. Lipid metabolism in the lactating mammary gland. Biochim Biophys Acta. (1997) 1347:101–26. doi: 10.1016/s0005-2760(97)00079-9 

 26. Dils, RR. Comparative aspects of milk fat synthesis. J Dairy Sci. (1986) 69:904–10. doi: 10.3168/jds.S0022-0302(86)80480-5 

 27. Neville, MC, and Picciano, MF. Regulation of milk lipid secretion and composition. Annu Rev Nutr. (1997) 17:159–84. doi: 10.1146/annurev.nutr.17.1.159 

 28. Mccormack, SE, Shaham, O, Mccarthy, MA, Deik, AA, Wang, TJ, Gerszten, RE , et al. Fleischman circulating branched-chain amino acid concentrations are associated with obesity and future insulin resistance in children and adolescents. Pediatr Obes. (2013) 8:52–61. doi: 10.1111/j.2047-6310.2012.00087.x 

 29. Lynch, CJ, and Adams, SH. Adams branched-chain amino acids in metabolic signalling and insulin resistance. Nat Rev Endocrinol. (2014) 10:723–36. doi: 10.1038/nrendo.2014.171 

 30. Nie, C, He, T, Zhang, W, Zhang, G, and Ma, X. Branched chain amino acids: beyond nutrition metabolism. Int J Mol Sci. (2018) 19:954. doi: 10.3390/ijms19040954 

 31. Rosero, DS, Odle, J, Mendoza, SM, Boyd, RD, Fellner, V, and Heugten, EV. Impact of dietary lipids on sow milk composition and balance of essential fatty acids during lactation in prolific sows. J Anim Sci. (2015) 93:2935–47. doi: 10.2527/jas.2014-8529 

 32. Bjune, MS, Lindquist, C, Stafsnes, MH, Bjørndal, B, Bruheim, P, Aloysius, TA , et al. Plasma 3-hydroxyisobutyrate (3-HIB) and methylmalonic acid (MMA) are markers of hepatic mitochondrial fatty acid oxidation in male Wistar rats. Biochim Biophys Acta Mol Cell Biol Lipids. (2021) 1866:158887. doi: 10.1016/j.bbalip.2021.158887 

 33. Yao, H, Li, K, Wei, J, Lin, Y, and Liu, Y. The contradictory role of branched-chain amino acids in lifespan and insulin resistance. Front Nutr. (2023) 10:1189982. doi: 10.3389/fnut.2023.1189982 

 34. Glick, D, Barth, S, and Macleod, KF. Autophagy: cellular and molecular mechanisms. J Pathol. (2010) 221:3–12. doi: 10.1002/path.2697 

 35. Shan, Y, Gao, Y, Jin, W, Fan, M, Wang, Y, Gu, Y , et al. Targeting HIBCH to reprogram valine metabolism for the treatment of colorectal cancer. Cell Death Dis. (2019) 10:618. doi: 10.1038/s41419-019-1832-6 


Copyright
 © 2025 Che, Liu, Xu, Fan, Niu, Chen, Chang, Zhou, Li, Deng and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Valine metabolite, 3-hydroxyisobutyrate, promotes lipid metabolism and cell proliferation in porcine mammary gland epithelial cells



		Introduction



		Materials and methods



		Chemicals and reagents



		Cell culture and treatment



		Cell viability assay



		Oil red O staining



		Analysis of fatty acid composition



		Western blot analysis



		Statistical analysis









		Results



		Effect of 3-HIB supplementation on cell proliferation



		Effects of 3-HIB supplementation on the expression of cell proliferation-related proteins



		Effects of 3-HIB supplementation on the triglyceride and lipid droplet synthesis



		Effects of 3-HIB supplementation on the cellular fatty acid composition



		Effects of 3-HIB supplementation on the expression of lipid metabolism-related proteins



		Effects of 3-HIB supplementation on cellular ATP production



		Effects of 3-HIB supplementation on the expression of fatty acid oxidation-related proteins









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Valine metabolite,
3-hydroxyisobutyrate, promotes
lipid metabolism and cell
proliferation in porcine mammary
gland epithelial cells












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-11-1524738-g005.jpg
Con 02 04 08 16
CPTI [ s s s i

ACSL e s s s e
cAp [ ——
ractn e e— —— —

Relative expression

Con 02 04 08 L6
3-HIB Concentration (mM)

Con 02 04 08 L6
3-HIB Concentration (mM)

Con 02 04 08 L6
3-HIB Concentration (mM)





OPS/images/fnut-11-1524738-t001.jpg
Groups

Treatment duration (|

8

16

Con 048003
02 0.51£0.03
04 0.53+0.01
08 053003
16 0.47 £0.02
SEM 0.01
prvalue 039

0524002

0.5240.01

0554002

0.58+0.03

057002

001

0184

0534001

0544001

057£002

0574003

057+003

001

0413

Data are shown as mean + SEM. Means not sharing the same letter are different (P < 0.05).

0.56+0.02°
0.60+0.02°
0.63+001°
0.71£0.01°
0.70+0.01°
001

0001

0.60+0.02

061001

062001

0.63+0.03

0634004

002

0.083

0.47£0.03
052:+002%
0.58+0.02
0564002
060 +0.04°
002

0011





OPS/images/fnut-11-1524738-g003.jpg
Con 02 0.4 0.8
3-HIB Concentration (mM)






OPS/images/fnut-11-1524738-g004.jpg
Con 02 04 08 16

DOAT [ ——
FASN (-
AC [ - —
e

SLCz71 e S —

LPL [ ———

FABPS [ e -

Proctin. e ————

025 D36

Ive expression

Rela

Con 02 04 08 16
3-HIB Conceatration (mM)

Relative expression

Relative expression

03

0.6

0.4

02

0.

DGAT

Con 02 04 08 16
3-HIB Concentration (mM)

SLC27A1

Con 02 04 05 16
3-HIB Concentration (mM)

FASN

Con 02 04 08 16
3-HIB Concentration (mM)

LPL

Con 02 04 03 L6
3-HIB Concentration (mM)

Relative expression

Relative expression

ACC
a
ab
a
Con 02 04 08

16

3-HIB Concentration (mM)

FABP3

Con 02 04 08
3-HIB Concentration (i

16
M)





OPS/images/fnut-11-1524738-t002.jpg
Fatty acids Con 3-HIB SEM  p-value

1g/107 cells

Cl4:0 108£004  125£005 005 0054
Cl5:0 0164001  0.19£001 001 0043
C160 1989£069  2334%104 095 0050
cle:1 4042015 4732018 019 0040
C180 16844056 19884098 085 0054
Cl8:1n-9. 48214172 5540£256 212 0.080
Cl182n-6 189£008  226£010 010 0046
C200 1084004 1324008 007 0.047
c20:1 5364019 6262035 027 0.087
c202 0684002 083£004 004 0042
C203 06 2374000 2802012 012 0049
C20:4 06 8074028 9522036 038 0034
c220 0574002 069£004 003 0044
C20:5n3 0274001 | 032001 001 0.047
C22:1n9 0914004 1062006 005 0.106
C240 0984004 1132006 005 0.109
c24:1 0564003 070£006 004 0095

c226 5904015 6832017 023 0016





OPS/images/fnut-11-1524738-t003.jpg
Groups

Con 45.66+331
02 42864321
04 4097 £3.63
08 4446254
16 44512287
SEM 134

P-value 0851

5261131
53.614058
56.67+2.12
57.57+297
57.2643.14
100

0413

Treatment duration (h)

8
6311394
62714205
62.66+0.76
69.72£1.77
65814222

111

0.199

Data are shown as mean + SEM. Means not sharing the same letter are different (P < 0.05).

16
74.00 £ 2.90°
7383+ 167"
79.17 £2.07°
93234348
93,49+ 4,09

206

0.001

67.81+332
7644+ 3.87%
69.55+ 443
8591 £3.42%
88,57+ 432"
225
0020

66.33£335
69.354235
74544337
7450 £452
74,00+ 3.48
157
0358





OPS/images/fnut-11-1524738-g001.jpg
A B

cell
Proliferation

Merge
Con 02 04 08 16
3-HIB Concentration (mM)






OPS/images/fnut-11-1524738-g002.jpg
om0z w4 o3 1s
wTOR [ e e e )
PO [ .

AEBP] [S—————

B

Con 02 04 08 16
Cyclin D1 [ N -
=
Caspase 3 (il e e S
Practin[————

Relative expression
Relative expressio

Relative

3-HIB Concentration (mM)

Relative expression

Relative expression
Relative expression

4EBP1

04 08 16
entration (mM)

Caspase 3

04 08 16
fion (mM)






