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            Abstract
Periodic food shortages are a major challenge faced by organisms in natural habitats. Cave-dwelling animals must withstand long periods of nutrient deprivation, as—in the absence of photosynthesis—caves depend on external energy sources such as seasonal floods1. Here we show that cave-adapted populations of the Mexican tetra, Astyanax mexicanus, have dysregulated blood glucose homeostasis and are insulin-resistant compared to river-adapted populations. We found that multiple cave populations carry a mutation in the insulin receptor that leads to decreased insulin binding in vitro and contributes to hyperglycaemia. Hybrid fish from surface–cave crosses carrying this mutation weigh more than non-carriers, and zebrafish genetically engineered to carry the mutation have increased body weight and insulin resistance. Higher body weight may be advantageous in caves as a strategy to cope with an infrequent food supply. In humans, the identical mutation in the insulin receptor leads to a severe form of insulin resistance and reduced lifespan. However, cavefish have a similar lifespan to surface fish and do not accumulate the advanced glycation end-products in the blood that are typically associated with the progression of diabetes-associated pathologies. Our findings suggest that diminished insulin signalling is beneficial in a nutrient-limited environment and that cavefish may have acquired compensatory mechanisms that enable them to circumvent the typical negative effects associated with failure to regulate blood glucose levels.
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                    Figure 1: Altered glucose homeostasis in cave-adapted A. mexicanus populations.[image: ]


Figure 2: Coding mutation in the cavefish insulin receptor leads to decreased insulin binding.[image: ]


Figure 3: The P211L mutation of insra is overrepresented in cave environments and is associated with higher body weight in surface–cave hybrids.[image: ]


Figure 4: Despite elevated blood glucose levels and insulin resistance, Tinaja and Pachón cavefish do not show signs of senescence and do not accumulate advanced glycation end-products in the blood.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Numbers of insulin- and glucagon-positive cells in the developing pancreas are unchanged in Tinaja cavefish relative to surface fish.
a, Whole-mount immunohistochemical detection of insulin- and glucagon-positive cells in Tinaja larvae at 10 days post fertilization. b, Number of glucagon- and insulin-positive cells in surface and Tinaja larvae at 10–11 days post fertilization (n = 5 fish per population,). c, Average number of glucagon- and insulin-positive cells, fish length, ratio of insulin to glucagon positive cells and P value comparing the surface and Tinaja values (determined using Student’s t-test).


Extended Data Figure 2 Serum glucagon levels are comparable between the different populations.
Box plot comparing serum glucagon levels between surface, Tinaja, Molino and Pachón fish after 24-h fast. n = 12 fish per population, average of 57.87, 59.76, 79.66 and 48.89 respectively. P = 0.52, one-way ANOVA. Box plots show 25th, 50th and 75th percentiles (horizontal bars), and 1.5× interquartile ranges (error bars), dots represent outliers.


Extended Data Figure 3 Serum insulin levels are comparable between surface and Tinaja fish.
a, Serum blotted onto nitrocellulose membrane using Bio-Dot SF microfiltration apparatus (Bio-Rad, catalogue number 1706542) probed with anti-insulin antibody (DAKO). Each blot represents an individual fish between 1- and 2-years-old (n = 24 fish per population). b, Quantification of insulin level measured by densitometry of blots. AU, artificial units; median, 25th, 50th and 75th percentiles (horizontal bars) and error bars at 1.5× interquartile ranges. Tinaja cavefish insulin levels (mean = 10,770) tended to be higher than those of surface fish (mean = 7,194) but the results are not significant (P = 0.057, Student’s two-sample t-test).


Extended Data Figure 4 Insulin decreases blood glucose level in surface fish.
a, We injected different concentrations of human recombinant insulin (Sigma, product I9278, stock 9.5–11.5 mg ml−1) into the intraperitoneal cavity of surface fish to determine the effective dosage for subsequent experiments. Blood glucose levels are significantly lower after injection of approximately 0.6 or 0.06 g insulin per mg of fish weight compared to 0.0006 g (30 min after injection, n = 4 fish per dosage, dots represent individual fish, significance calculated using one-way ANOVA with Tukey’s HSD post hoc test, *P < 0.05). We used 0.06 g insulin per mg of fish in subsequent experiments. b, Blood glucose levels of surface fish over time, after injection of PBS or insulin. Blood glucose levels are significantly lower at 60 and 90 min compared to 15 min after insulin injection (n = 10 fish per time point and condition, significance calculated using one-way ANOVA with Tukey’s HSD post hoc test, *P < 0.05). Therefore, we focused on the 60-min time point for comparisons with Tinaja cavefish. c, Blood glucose levels at 15 and 60 min after insulin injection in surface fish and Tinaja cavefish. Surface fish display a significant decrease in blood glucose levels, whereas cavefish display a significant increase in blood glucose levels (significance calculated using two-tailed Student’s t-test, *P < 0.05, ***P < 0.0005). Tinaja cavefish blood glucose levels may increase owing to the stress of being injected; stress hormones, such as catecholamines, ACTH and epinephrine, cause transient increases in blood glucose in humans and mice, an effect that cannot be mitigated in the absence of insulin signalling. Although both cavefish and surface fish probably undergo a stress response upon injection, this is overcome in the surface fish, which have wild-type insulin activity, but not in the Tinaja cavefish, which have reduced insulin signalling.


Extended Data Figure 5 An elevated fasting blood glucose level correlates with the presence of the P211L allele in F2 hybrids.
Blood glucose levels of 192 F2 surface–Tinaja hybrids of the indicated genotype 24 h after feeding. All of the fish with elevated blood glucose (greater than 60 mg dl−1) carry the P211L allele. Median, 25th, 50th and 75th percentiles (horizontal bars), and error bars at 1.5× interquartile ranges.


Extended Data Figure 6 Egg mass is a confounding variable in female fish.
a, Image of an F2 surface–Tinaja hybrid female and removed gonad, of indicated weights. b, Histogram displaying per cent gonad weight (gonad weight/total weight, multiplied by 100) of 62 F2 surface–Tinaja hybrid females fed 6 mg per day for 4 months (minimum = 3.57, 1st quartile = 10.64, median = 13.96, mean = 13.96, 3rd quartile = 17.57 and maximum = 41.86).


Extended Data Figure 7 Genome editing strategy.
CRISPR–Cas9 mediated genome editing strategy in exon 3 of the insulin receptor a (insra) zebrafish gene. The guide RNA target sequence is emphasized in bold in both the reverse strand of the wild-type genomic DNA and in the ssODN. The intended SNP exchanges are underlined, and the specific C632T to alter the P211 to L is denoted with a star. Both ends of the ssODN are protected by three phosphorothioate bonds, denoted with asterisks. The protospacer adjacent motif is shown in orange.


Extended Data Figure 8 Scale growth is impaired in the insra zebrafish mutant.
a, Quantification of scale size in zebrafish of the indicated genotype; each point represents the mean scale size of an individual fish based on the measurement of 10–14 scales removed from the left side of the body from the posterior edge of the dorsal fin to the posterior edge of the ventral fin by gentle scraping with a scalpel. Wild type (P), n = 4, P211L mutant (L), n = 3. b, c, Representative images of scales stained with 0.005% calcein with contrast and brightness adjusted to show scale edges. Significance calculated using two-way t-test of mean values, *P < 0.05.
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        Editorial Summary
Fat fish harness insulin resistance to prevent starving
The blind Mexican cavefish lives in an extreme environment in which food is scarce, so it must take advantage of whatever morsel drops in from the world above. It has adapted to this famine-and-feast way of life by storing fat to a degree that would seem pathological in any other creature. It also takes advantage of a mutation in the insulin receptor that would otherwise cause severe type 2 diabetes, yet the fat-hungry fish suffers no ill effects. The authors speculate that the fish has evolved compensatory mechanisms in its regulation of glucose that allow it to survive in an extreme environment.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    The healthy diabetic cavefish conundrum
                

                
	Sylvie Rétaux



                
    
        
            Nature
        
        News & Views
        
        
            21 Mar 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
