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            Abstract
Exercise confers protection against obesity, type 2 diabetes and other cardiometabolic diseases1,2,3,4,5. However, the molecular and cellular mechanisms that mediate the metabolic benefits of physical activity remain unclear6. Here we show that exercise stimulates the production of N-lactoyl-phenylalanine (Lac-Phe), a blood-borne signalling metabolite that suppresses feeding and obesity. The biosynthesis of Lac-Phe from lactate and phenylalanine occurs in CNDP2+ cells, including macrophages, monocytes and other immune and epithelial cells localized to diverse organs. In diet-induced obese mice, pharmacological-mediated increases in Lac-Phe reduces food intake without affecting movement or energy expenditure. Chronic administration of Lac-Phe decreases adiposity and body weight and improves glucose homeostasis. Conversely, genetic ablation of Lac-Phe biosynthesis in mice increases food intake and obesity following exercise training. Last, large activity-inducible increases in circulating Lac-Phe are also observed in humans and racehorses, establishing this metabolite as a molecular effector associated with physical activity across multiple activity modalities and mammalian species. These data define a conserved exercise-inducible metabolite that controls food intake and influences systemic energy balance.
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                    Fig. 1: Lac-Phe is strongly induced in blood plasma after a single bout of running in mice and racehorses.[image: ]


Fig. 2: CNDP2-dependent and lactate-dependent production and secretion of Lac-Phe in vitro.[image: ]


Fig. 3: Lac-Phe suppresses food intake and obesity and improves glucose homeostasis.[image: ]


Fig. 4: Increased food intake and obesity in mice genetically deficient in Lac-Phe production.[image: ]


Fig. 5: Sustained increases in Lac-Phe following human exercise.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Pharmacological but not physiological GDF15 suppresses feeding and the motivation to exercise
                                        
                                    

                                    
                                        Article
                                         Open access
                                         15 February 2021
                                    

                                

                                Anders B. Klein, Trine S. Nicolaisen, … Christoffer Clemmensen

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Targeting parvalbumin promotes M2 macrophage polarization and energy expenditure in mice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         08 June 2022
                                    

                                

                                Shaojian Lin, Anke Zhang, … Bing Luan

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A critical assessment of the role of creatine in brown adipose tissue thermogenesis
                                        
                                    

                                    
                                        Article
                                        
                                         09 January 2023
                                    

                                

                                David G. Nicholls & Martin D. Brand

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All data generated or analysed during this study are included in this published article and its supplementary information files. Source data are provided with this paper.

            

References
	Eriksson, K. F. & Lindgärde, F. Prevention of type 2 (non-insulin-dependent) diabetes mellitus by diet and physical exercise. Diabetologia 34, 891–898 (1991).
Article 
    CAS 
    
                    Google Scholar 
                

	Rejeski, W. J. et al. Lifestyle change and mobility in obese adults with type 2 diabetes. N. Engl. J. Med. 366, 1209–1217 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Stampfer, M. J., Hu, F. B., Manson, J. E., Rimm, E. B. & Willett, W. C. Primary prevention of coronary heart disease in women through diet and lifestyle. N. Engl. J. Med. 343, 16–22 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Helmrich, S. P., Ragland, D. R., Leung, R. W. & Paffenbarger, R. S. Physical activity and reduced occurrence of non-insulin-dependent diabetes mellitus. N. Engl. J. Med. 325, 147–152 (1991).
Article 
    CAS 
    
                    Google Scholar 
                

	Rawshani, A. et al. Risk factors, mortality, and cardiovascular outcomes in patients with type 2 diabetes. N. Engl. J. Med. 379, 633–644 (2018).
Article 
    
                    Google Scholar 
                

	Sanford, J. A. et al. Molecular Transducers of Physical Activity Consortium (MoTrPAC): mapping the dynamic responses to exercise. Cell 181, 1464–1474 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Contrepois, K. et al. Molecular choreography of acute exercise. Cell 181, 1112–1130.e16 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Morville, T., Sahl, R. E., Moritz, T., Helge, J. W. & Clemmensen, C. Plasma metabolome profiling of resistance exercise and endurance exercise in humans. Cell Rep. 33, 108554 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Lewis, G. D. et al. Metabolic signatures of exercise in human plasma. Sci. Transl. Med. 2, 33ra37 (2010).
Article 
    
                    Google Scholar 
                

	Roberts, L. D. et al. β-Aminoisobutyric acid induces browning of white fat and hepatic β-oxidation and is inversely correlated with cardiometabolic risk factors. Cell Metab. 19, 96–108 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Stanford, K. I. et al. 12,13-diHOME: an exercise-induced lipokine that increases skeletal muscle fatty acid uptake. Cell Metab. 27, 1111–1120.e3 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Reddy, A. et al. pH-gated succinate secretion regulates muscle remodeling in response to exercise. Cell 183, 62–75.e17 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Yuan, Y. et al. Exercise-induced α-ketoglutaric acid stimulates muscle hypertrophy and fat loss through OXGR1-dependent adrenal activation. EMBO J. 39, e103304 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Klein, A. B. et al. Pharmacological but not physiological GDF15 suppresses feeding and the motivation to exercise. Nat. Commun. 12, 1041 (2021).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Green, H. J. & Fraser, I. G. Differential effects of exercise intensity on serum uric acid concentration. Med. Sci. Sports Exerc. 20, 55–59 (1988).
Article 
    CAS 
    
                    Google Scholar 
                

	Schranner, D., Kastenmüller, G., Schönfelder, M., Römisch-Margl, W. & Wackerhage, H. Metabolite concentration changes in humans after a bout of exercise: a systematic review of exercise metabolomics studies. Sport. Med. Open 6, 11 (2020).
Article 
    
                    Google Scholar 
                

	Gaffney, B. & Cunningham, E. P. Estimation of genetic trend in racing performance of thoroughbred horses. Nature 332, 722–724 (1988).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Hagenfeldt, L. & Naglo, A. S. New conjugated urinary metabolites in intermediate type maple syrup urine disease. Clin. Chim. Acta 169, 77–83 (1987).
Article 
    CAS 
    
                    Google Scholar 
                

	Bottesini, C., Tedeschi, T., Dossena, A. & Sforza, S. Enzymatic production and degradation of cheese-derived non-proteolytic aminoacyl derivatives. Amino Acids 46, 441–447 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Sgarbi, E. et al. Microbial origin of non proteolytic aminoacyl derivatives in long ripened cheeses. Food Microbiol. 35, 116–120 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Jansen, R. S. et al. N-lactoyl-amino acids are ubiquitous metabolites that originate from CNDP2-mediated reverse proteolysis of lactate and amino acids. Proc. Natl Acad. Sci. USA 112, 6601–6606 (2015).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Sharma, R. et al. Circulating markers of NADH-reductive stress correlate with mitochondrial disease severity. J. Clin. Invest. 131, e136055 (2021).
Article 
    CAS 
    
                    Google Scholar 
                

	The Tabula Muris Consortium. Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris. Nature 562, 367–372 (2018).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Locke, A. E. et al. Genetic studies of body mass index yield new insights for obesity biology. Nature 518, 197–206 (2015).
Article 
    CAS 
    
                    Google Scholar 
                

	Ringholm, S. et al. PGC-1α is required for exercise- and exercise training-induced UCP1 up-regulation in mouse white adipose tissue. PLoS ONE 8, e64123 (2013).
Article 
    ADS 
    
                    Google Scholar 
                

	Kim, Y. J., Kim, H. J., Lee, W. J. & Seong, J. K. A comparison of the metabolic effects of treadmill and wheel running exercise in mouse model. Lab. Anim. Res. 36, 1–8 (2020).
Article 
    
                    Google Scholar 
                

	De Wolf, C. J. F. et al. cGMP transport by vesicles from human and mouse erythrocytes. FEBS J. 274, 439–450 (2007).
Article 
    
                    Google Scholar 
                

	Smith, C. A. et al. XCMS: processing mass spectrometry data for metabolite profiling using nonlinear peak alignment, matching, and identification. Anal. Chem. 78, 779–787 (2006).
Article 
    CAS 
    
                    Google Scholar 
                

	Agudelo, L. Z. et al. Skeletal muscle PGC-1α1 modulates kynurenine metabolism and mediates resilience to stress-induced depression. Cell 159, 33–45 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Coxon, J. P. et al. GABA concentration in sensorimotor cortex following high-intensity exercise and relationship to lactate levels. J. Physiol. 596, 691–702 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Human Energy Requirements: Report of a Joint FAO/WHO/UNU Expert Consultation (FAO, WHO, UNU, 2005).

	Sanjana, N. E., Shalem, O. & Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 11, 783–784 (2014).


Download references




Acknowledgements
We thank members of the Long, Xu, Snyder, Richter and Svensson laboratories, and L. Sylow for helpful discussions. This work was supported by the NIH (DK124265 and DK130541 to J.Z.L.; DK113954, DK115761, DK117281 and DK120858 to Y.X.; GM113854 to V.L.L.; and AR072695 to K.v.d.W), the Ono Pharma Foundation (research grant to J.Z.L.), BASF (research grant to J.Z.L.), the USDA (51000-064-01S to Y.X.), the American Heart Association (20POST35120600 to Y.H.), the Novo Nordisk Foundation (NNF17OC0027274 and NNF18OC00334072 to E.A.R.) and PXE International (research grant to K.v.d.W.).


Author information
Author notes	These authors contributed equally: Veronica L. Li, Yang He


Authors and Affiliations
	Department of Pathology, Stanford University School of Medicine, Stanford, CA, USA
Veronica L. Li, Joon T. Kim, Amanda L. Wiggenhorn, Julia T. Tanzo, Alan Sheng-Hwa Tung, Xuchao Lyu, Wei Wei, Stephanie M. Terrell & Jonathan Z. Long

	Department of Chemistry, Stanford University, Stanford, CA, USA
Veronica L. Li, Amanda L. Wiggenhorn, Kang Yong Loh & Steven M. Banik

	Sarafan ChEM-H, Stanford University, Stanford, CA, USA
Veronica L. Li, Joon T. Kim, Amanda L. Wiggenhorn, Julia T. Tanzo, Alan Sheng-Hwa Tung, Xuchao Lyu, Kang Yong Loh, Wei Wei, Stephanie M. Terrell, Steven M. Banik & Jonathan Z. Long

	Children’s Nutrition Research Center, Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA
Yang He, Hailan Liu & Yong Xu

	Department of Genetics, Stanford University School of Medicine, Stanford, CA, USA
Kévin Contrepois, Basil Michael & Michael P. Snyder

	Stanford Cardiovascular Institute, Stanford University, Stanford, CA, USA
Kévin Contrepois, Michael P. Snyder & Jonathan Z. Long

	Stanford Diabetes Research Center, Stanford University, Stanford, CA, USA
Kévin Contrepois, Michael P. Snyder & Jonathan Z. Long

	Department of Nutrition and Toxicology, University of California Berkeley, Berkeley, CA, USA
Peter-James H. Zushin & Andreas Stahl

	Netherlands Cancer Institute, Amsterdam, Netherlands
Robert S. Jansen & Koen van de Wetering

	Department of Microbiology, Radboud University, Nijmegen, Netherlands
Robert S. Jansen

	Department of Anatomy and the Bakar Aging Research Institute, University of California San Francisco, San Francisco, CA, USA
Andrew C. Yang

	August Krogh Section of Molecular Physiology, Department of Nutrition, Exercise and Sports, Faculty of Science, University of Copenhagen, Copenhagen, Denmark
Christian S. Carl, Christian T. Voldstedlund, Bente Kiens & Erik A. Richter

	Department of Biology, Stanford University, Stanford, CA, USA
Wei Wei

	Maddy Equine Analytical Chemistry Laboratory, California Animal Health and Food Safety Laboratory, School of Veterinary Medicine, University of California at Davis, Davis, CA, USA
Benjamin C. Moeller

	Department of Molecular Biosciences, School of Veterinary Medicine, University of California, Davis, CA, USA
Benjamin C. Moeller & Rick M. Arthur

	School of Sport, Exercise, and Rehabilitation Sciences, College of Life and Environmental Sciences, University of Birmingham, Birmingham, UK
Gareth A. Wallis

	Department of Dermatology and Cutaneous Biology, Thomas Jefferson University, Philadelphia, PA, USA
Koen van de Wetering

	Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA
Yong Xu

	Wu Tsai Human Performance Alliance, Stanford University, Stanford, CA, USA
Veronica L. Li, Xuchao Lyu, Michael P. Snyder & Jonathan Z. Long


Authors	Veronica L. LiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yang HeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kévin ContrepoisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hailan LiuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Joon T. KimView author publications
You can also search for this author in
                        PubMed Google Scholar



	Amanda L. WiggenhornView author publications
You can also search for this author in
                        PubMed Google Scholar



	Julia T. TanzoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Alan Sheng-Hwa TungView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xuchao LyuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Peter-James H. ZushinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Robert S. JansenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Basil MichaelView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kang Yong LohView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andrew C. YangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christian S. CarlView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christian T. VoldstedlundView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wei WeiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephanie M. TerrellView author publications
You can also search for this author in
                        PubMed Google Scholar



	Benjamin C. MoellerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rick M. ArthurView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gareth A. WallisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Koen van de WeteringView author publications
You can also search for this author in
                        PubMed Google Scholar



	Andreas StahlView author publications
You can also search for this author in
                        PubMed Google Scholar



	Bente KiensView author publications
You can also search for this author in
                        PubMed Google Scholar



	Erik A. RichterView author publications
You can also search for this author in
                        PubMed Google Scholar



	Steven M. BanikView author publications
You can also search for this author in
                        PubMed Google Scholar



	Michael P. SnyderView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yong XuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jonathan Z. LongView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
V.L.L. performed the exercise studies, gain and loss of function studies, in vitro studies and MS analyses. Y.H. performed the acute feeding experiments (with the help of H.L.). K.C. re-analysed the MS data from the previously published human exercise experiment. J.T.K., A.L.W., J.T.T. and A.S.-H.T. assisted in tissue collection and exercising mice for the chronic running experiments. X.L. assisted in preparing plasma samples for MS analyses. P.-J.H.Z. performed the metabolic chamber studies. R.S.J. performed studies using ABCC5-KO mice. B.M. assisted in MS analyses. K.Y.L. and A.C.Y. assisted in collecting brain tissue. C.S.C., C.T.V., B.K. and E.A.R. performed the human exercise studies. W.W. and S.M.T. assisted in the mouse running experiments. B.C.M. and R.M.A. assisted in the horse metabolomics studies. S.M.B. synthesized Lac-Phe. J.Z.L., Y.X., G.A.W., A.S., B.K., E.A.R., M.P.S. and K.v.d.W. supervised the work. V.L.L., J.Z.L., Y.H. and Y.X. conceived the experiments and wrote the manuscript with contribution from the other authors.
Corresponding authors
Correspondence to
                Yong Xu or Jonathan Z. Long.


Ethics declarations

              
                Competing interests

                Stanford University is in the process of applying for a patent application (US2022027261) covering lactoyl amino acids for the treatment of metabolic diseases that lists J.Z.L., V.L.L., S.M.B., Y.X. and Y.H. as inventors.

              
            

Peer review

              
              
                Peer review information

                Nature thanks Tamas Horvath and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

              
            

Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Additional metabolomic characterization of Lac-Phe and lactoyl amino acid dynamics in mouse and thoroughbred racehorse exercise.
(a) Schematic of speed and incline in the acute running protocol for mice. (b) Extracted ion chromatograms the endogenous m/z = 236.0928 peak in mouse plasma in comparison with a synthetic Lac-Phe standard. (c, d) Fragmentation spectra (c) extracted ion chromatogram (d) of the the endogenous m/z = 236.0928 peak in horse plasma in comparison with a synthetic Lac-Phe standard. (e) Quantitation of Lac-Phe levels in the indicated tissue from either sedentary mice (blue) or after a single bout of exhaustive running (red). (f, g) Quantitation of the indicated lactoyl amino acid level in blood plasma from mouse (f) or racehorse (g). For (e) and (f), N = 5/group; for (g), N = 10/group. Data are shown as mean ± SEM. All experiments were performed once. P-values were calculated by Student’s two-sided t-test
Source data


Extended Data Fig. 2 Additional characterization and validation of CNDP2 protein in cells and in mice.
(a) Schematic of the chemical reaction catalyzed by CNDP2 to produce Lac-Phe. (b) Cndp2 mRNA expression across tissues from Tabula Muris. (c-e) Anti-CNDP2 (top) and anti-tubulin (bottom) Western blots in WT and CNDP2-KO RAW264.7 (c), RT4 (d), or TKPTS (e) cells. (f-h) Anti-CNDP2 (top) and anti-actin (bottom) Western blots of liver (f), kidney (g), or quadraceps (h) harvested from either sedentary mice (left three lanes) or mice after a single bout of exhaustive exercise (right three lanes). For gel source data, see Supplementary Fig. 1. For (c), experiments were performed twice. For (d-h), experiments were performed once.


Extended Data Fig. 3 Additional characterization of the effects of Lac-Phe administration to diet-induced obese mice.
(a, b) Phenotype associations of the single nucleotide polymorphisms rs373836366 (a) and rs780772968 (b) from the Type 2 Diabetes Knowledge Portal. (c, d) Plasma Lac-Phe levels (c) and blood lactate levels (d) in plasma of mice following a single injection of Lac-Phe (50 mg/kg, IP). (e-g) 12 h oxygen consumption VO2 (e), carbon dioxide production VCO2 (f), and respiratory exchange ratio RER (g) of 22-week old DIO mice following a single injection of vehicle or Lac-Phe (50 mg/kg, IP). (h-j) Food intake (h), kaolin intake (i), and water intake (j) in 21-week old DIO mice following a single injection of vehicle or Lac-Phe (50 mg/kg, IP). (k, l) Plasma leptin (k) and acyl-ghrelin (l) levels in 17-week old DIO mice 30 min after a single injection of vehicle or Lac-Phe (50 mg/kg, IP). For (c), (d), (k), and (l), N = 3/group. For (e-j), N = 7/group. Data are shown as means ± SEM. All experiments were performed once. P-values were calculated by Student’s two-sided t-test
Source data


Extended Data Fig. 4 Metabolic effects of Lac-Phe administration to chow-fed, lean mice.
(a) Lac-Phe levels in plasma of male lean mice (22–27 g) following a single injection of Lac-Phe (50 mg/kg, IP). (b-f) 12 h food consumption (b), ambulatory activity (c), oxygen consumption VO2 (d), carbon dioxide production VCO2 (e), and respiratory exchange ratio RER (f) of chow fed lean mice following a single injection of Lac-Phe (50 mg/kg, IP). (g) 24 h food intake in lean mice after a single injection of Lac-Phe at the indicated dose. For (a), N = 3/group. For (b-f), N = 8/group. For (g), N = 5/group. Data are shown as means ± SEM. For (a-f), experiments were performed once. For (g), experiments were performed two times. P-values were calculated by Student’s two-sided t-test
Source data


Extended Data Fig. 5 Metabolic effects of oral Lac-Phe administration to diet-induced obese mice.
(a, b) Change in body weight (a) and daily food intake (b) of 16-week diet-induced obese mice treated with Lac-Phe (50 mg/kg/day, PO). N = 5/group. Data are shown as means ± SEM. Experiments were performed once
Source data


Extended Data Fig. 6 Additional characterization of CNDP2-KO mice.
(a) Treadmill time until exhaustion for WT and CNDP2-KO (“KO”) mice. (b-d) Plasma levels of the indicated lactoyl amino acid in WT or CNDP2-KO mice in the sedentary state or after a single bout of acute exhaustive running (“exercise”). (e) Plasma levels of carnosine in sedentary WT or CNDP2-KO mice. (f, g) Body weight (f) and cumulative daily food intake (g) of WT (blue) or CNDP2-KO (red) mice under high fat diet, sedentary conditions. For (a), N = 6 for WT and N = 8 for CNDP2-KO; for (b-d), N = 6/group; for (e), N = 6 for WT and N = 5 for CNDP2-KO; for (f,g), N = 8 for WT and N = 11 for CNDP2-KO. Data are shown as means ± SEM. For (a-g), experiments were performed once. P-values for (a-e) were calculated by Student’s two-sided t-test
Source data


Extended Data Fig. 7 Plasma Lac-Phe levels in WT and ABCC5-KO mice sedentary mice or after a single bout of treadmill running to exhaustion.
N = 3/group. Data are shown as means ± SEM. Experiments were performed once. P-values were calculated by Student’s two-sided t-test
Source data


Extended Data Fig. 8 Additional characterization of plasma Lac-Phe levels in humans.
(a, b) Tandem MS fragmentation (a) and co-elution (b) of an authentic Lac-Phe standard and the endogenous m/z = 236.0928 mass from human plasma run on the Snyder laboratory untargeted metabolomics platform (see Methods). (c) Time course of phenylalanine levels in blood before and after a single acute bout of treadmill running from the human acute treadmill exercise study (Cohort 1, N = 36). (d) Time course of lactate levels before and after sprint (red), resistance (blue), and endurance (light blue) exercise from the human crossover acute exercise study (Cohort 2, N = 8). For (c, d), data are shown as mean ± SEM, **p < 0.01, ***p < 0.001. Experiments were performed once. P-values were calculated by two-way ANOVA with repeated measures
Source data
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