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Skeletal muscle is characterized by the presence of two distinct categories of muscle fibers 

called Type I “red” slow twitch and Type II “white” fast twitch, which display marked 

differences in contraction strength, metabolic strategies, and susceptibility to fatigue. The 

relative representation of each fiber type can have major influences on the susceptibility to 

metabolic diseases including obesity, diabetes, and muscular dystrophies. However, the 

molecular factors controlling fiber type specification remain poorly defined.  The objective 

of my thesis was to investigate the roles of a new metabolic protein called Folliculin 

Interacting Protein-1 (Fnip1) in fiber type specification and susceptibility to metabolic 

disease. Utilizing Fnip1 null mice we previously generated, we found that loss of Fnip1 

dramatically increased the representation of Type I slow twitch fibers characterized by 

increased Myoglobin, MyH7, Succinate dehydrogenase (SDH) , Troponin I 1, Troponin C1, 

Troponin T1, and massive increases in mitochondria. Cultured Fnip1 null muscle fibers 

had higher oxidative capacity, and isolated Fnip1 null skeletal muscles sustained more 

prolonged contraction and had more rapid post-contraction recovery when compared to 

wild-type skeletal muscle.  Biochemical and molecular analyses revealed increased 

activation of the metabolic sensor AMP kinase and increased expression of the master 
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metabolic transcriptional regulator PGC1. Genetic disruption of PGC1 rescued normal 

levels of Type I fibers markers in Fnip1-null mice. Remarkably, loss of Fnip1 nearly 

completely prevented muscle damage in a murine model of Duchenne muscular dystrophy. 

These results indicate that Fnip1 controls skeletal muscle fiber type specification, and 

suggest that inhibition of Fnip1 could be used as a potential therapeutic strategy to increase 

mitochondrial biogenesis and muscle function in patients with muscular dystrophy 

diseases, which are typified by defective mitochondrial function. 
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Introduction 

Mammalian skeletal muscle is composed of a mosaic of muscle fiber types, which have varying 

capacities for strength and endurance dictated in part by differences in cytoskeletal morphology, 

mitochondrial density, and metabolic strategy.  In particular, there are 4 recognized skeletal 

muscle fiber types (Type I, Type IIa, Type IIb, and Type IIx) which are defined based on 

structural and functional differences in the representation of myosin heavy chain (MyH) proteins, 

mitochondria and capillary density, power produced, fatigue resistance, and metabolic strategies 

(i.e. oxidative phosphorylation versus glycolysis). Type I “slow twitch” fibers are deep red in 

color due to high concentrations of Myoglobin and high densities of blood capillaries, which 

support sustained aerobic activity. Type I fibers are also rich in mitochondria, highly oxidative, 

and have increased contraction endurance with lesser strength potential. In contrast, Type IIa/b 

“fast twitch” fibers are pale in color due to low concentrations of Myoglobin, contain 

comparatively lower levels of mitochondria, and rely more heavily on anaerobic glycolysis for 

energy production. These characteristics allow type II fibers to have considerable strength and 

contraction speed, but only for short anaerobic bursts of activity before the muscles readily 

fatigue. Similar to Type IIa fibers, Type IIb/x fibers retain moderate strength capacity relative to 

fast twitch muscle fibers, but also have improved resistance to fatigue due to intermediate 

mitochondria levels and oxidative potential.  Because slow twitch fibers predominantly utilize 

fatty acid oxidation relative to glucose (compared to fast-twitch fibers, which utilize glucose), 

increasing representation of type I fibers provides increased protection against obesity and 

related metabolic disorders [1-4]. Importantly, skeletal muscle fibers retain plasticity throughout 

adult life and can be interconverted as a result of exercise and a multitude of metabolic cues [5-

7].  Hence, identifying molecules and signaling pathways that regulate fiber type conversion can 

have profound impacts on exercise physiology and susceptibility to metabolic diseases including 

obesity, diabetes, and muscular dystrophies, which are characterized by defective mitochondria. 
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 Over the last decade, studies utilizing transgenic and knockout mice, as well as chemical 

agonists and antagonists, have resulted in the identification of several signaling molecules and 

transcription factors which regulate skeletal muscle fiber type differentiation. In particular, the 

master metabolic sensor AMP kinase (AMPK) has emerged as a key regulator of mitochondrial 

biogenesis, type I fiber type specification, and endurance adaptations during chronic exercise [8, 

9]. AMPK is activated in response to metabolic cues such as low energy (high AMP/low ATP), 

changes in intracellular Ca
2+

, and exercise (see [10] for review). Upon activation, AMPK 

stimulates mitochondrial biogenesis, ATP production, and autophagy (self-digestion to generate 

nutrients), while concurrently inhibiting ATP consumption mediated by mammalian target of 

rapamcin (mTOR), a major regulator of cell growth and protein synthesis.  Inhibition of AMPK 

activity in mice results in reduced running capacity and impaired mitochondrial biogenesis [11, 

12], whereas increased AMPK activation stimulates mitochondrial expansion in glycolytic 

skeletal muscle and increased resistance to fatigue [13, 14]. Importantly, recent developments 

suggest that many of the major benefits of endurance exercise on overall metabolic health are 

mediated in part by activation of AMPK, which stimulates expression of genes involved in slow 

twitch contractile apparatus, mitochondrial respiration, and fatty acid oxidation [8, 12, 14]. 

Over the past decade, there has been significant interest in understanding the pathways 

and molecules that synergize with or act downstream of AMPK to stimulate mitochondrial 

biogenesis and type I fiber type differentiation.  This has resulted in the identification of several 

pathways and molecules including calcium signaling ((calmondulin kinase (CaMK) and the 

phosphatase calcineurin) [15, 16] [17, 18], and the nuclear regulator peroxisome proliferator-

activated receptor- coactivator-1 (PGC1. In particular, AMPK and Ca
2+

 signaling synergize 

to regulate expression and stability of PGC1 and PGC1 which further activate entire genetic 

programs involved in mitochondrial biogenesis, oxidative metabolism, and slow twitch fiber 

specification. Constitutive deletion of PGC1 expression results in a significant decrease in 
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expression of genes associated with mitochondrial protein translation and function [19, 20].  

Skeletal muscle specific deletion of PGC1 induces a pronounced muscle fiber type shift from 

Type I and Type IIa muscle fibers towards more glycolytic Type IIb/x fibers resulting in a loss of 

endurance and an increased susceptibility to post-exercise muscle fiber injury[21]. Conversely, 

skeletal muscle-specific PGC1 over-expression produces a dramatic shift towards highly 

oxidative Type I fibers exhibiting increased endurance capacity in muscles which are 

predominantly fast twitch [3, 21]  AMPK phosphorylates [22] and up-regulates expression of 

PGC1 indicating that AMPK may modulate fiber type specification, in part through PGC1.  

However, the molecules that link AMPK to PGC1signaling remain elusive. 

 Through the use of a random ENU mutagenesis strategy in mice to identify novel 

immune regulatory genes[23],  we previously identified a mouse pedigree which lacks 

expression of Folliculin Interacting Protein-1 (Fnip1) due to a 32-bp deletion in the Fnip1 

gene[24]. Fnip1
-/-

 mice were identified by an absence of circulating B lymphocytes, which was 

attributed to a block in B cell development and survival at the pre-B cell stage[24]. Although the 

functions of Fnip1 are poorly understood, Fnip1 protein interacts with Folliculin, Fnip2 (a related 

Fnip family member), and all three subunits (, , ) of AMPK [25][26, 27].  Mutations in the 

Bhd gene encoding Folliculin results in Birt-Hogg-Dube (BHD) Syndrome, a rare human 

condition characterized by hamartoma formation, pulmonary cysts, and development of renal 

tumors[28].   In the current study, we found that loss of Fnip1 results in a dramatic shift of 

skeletal muscle fiber type towards Type I slow twitch fibers, due in part to increased activation 

of AMPK and PGC1.  These results identify a novel pathway involving Fnip1 in the 

differentiation of skeletal muscle fiber types, and suggest that Fnip1 may provide a novel link 

between AMPK and PGC1. 
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Materials and Methods 

 

Transgenic animals 

Fnip1
-/-

 mice were developed as previously described[24]. PGC1[29]and Dmd
Mdx4CV

[30] mice 

were obtained from Jackson Laboratories and the Chamberlain laboratory respectively. Mice 

were housed under specific-pathogen-free conditions. All experiments were reviewed and 

approved by the Institutional Care and Use Committee of the University of Washington. 

 

Special diets 

Rapamycin diet was milled at TestDiet (Richmond, IN) and impregnated with rapamycin 

(14ppm) in the lab of Dr. Randy Strong at the University of Texas Health Center, Barshop 

Institute (San Antonio, TX). All mice were approximately age and sex-matched. Breeding pairs 

were started on Rapamycin diet. Mice in the rapamycin treatment group were continued on 

rapamycin chow after weaning and continued for a total of 6 weeks. After completion, all 

animals were euthanized via CO2 asphyxiation and the gastrocnemius muscles were harvested.  

 

Immunoblot analysis 

Tissue for immunoblotting and RNA analyses were flash frozen and stored at -80 degrees 

Celsius until lysis.   Frozen gastrocnemius muscles were homogenized in a hypotonic lysis buffer 

(50mM HEPES, 150mM NaCl, 1% Trition 100x, 150mM MgCl2, 10% glycerol, 1mM EGTA, 

1mM EDTA) with Halt Protease and Phosphatase Inhibitor
TM

 (Thermo Scientific Rockford, IL). 

Protein concentrations were determined via the Micro BCA
TM

 Protein Assay Kit (Thermo 

Scientific, Rockford, IL). An equal amount of protein lysate from each sample (30-60ug) was 

loaded in each lane and protein components were separated via sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-page) through 6-12% gels Protein bands were 
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transferred to a Protran BA 83 Nitrocellulose Membrane (Whatman Inc. Florham Park, NJ). 

After blocking in 3% milk, blots were incubated overnight in primary antibodies against 

phospho-S6R, phospho-AMPK ser172, total AMPK, mTor, phospho-Raptor, phospho-4EBPI, 

LC3B (Cell Signaling Technology. Danvers, MA), PGC1-alpha (Millipore, Temecula California) 

and Myoglobin (Santa Cruz Biotechnology) followed by incubation with horseradish peroxidase-

conjugated (HRP) secondary antibody. The MyH7 antibody (A4.840) developed in the lab of 

Helen Blau and was obtained from the Developmental Studies Hybridoma Bank developed under 

the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, 

Iowa City, IA. 52242. Utrophin A antibody was produced in the lab of Dr. Stanley Froehner at 

the UW. Antibody–bound proteins were visualized through SuperSignal West Pico HRP 

Chemiluminescent Substrate (Thermo Scientific. Waltham, MA) activated exposure on 

GeneMate Blue Basic Autorad Double Emulsion Radiograph Film (Bioexpress Kaysville, UT).  

 

Realtime-PCR 

Frozen tissue was converted to RNA with the use of RNAqueous 4-PCR Kit (Ambion Inc. 

Austin, TX). Synthesized cDNA was yielded from RNA lysate via Invitrogen SuperScript II 

Reverse Transcriptase (Life Technologies Grand Island, NY). All oligonucleotide primers for 

RT-PCR were produced by Integrated DNA Technologies (Coralville, IA). Full primer 

sequences are listed in [24] and Supplemental Materials. PCR reactions were performed using 

the SYBR green system with annealing temperatures at 57-60
o
C. Quantitative values of each 

sample were calculated by paired comparison of CT values (n=3-6/group).  

 

Immunohistochemistry and Metachromatic ATPase Staining 

The gastrocnemius muscle was collected from Fnip1
-/-

, Fnip1
-/-

 and Rag1
-/-

 mice (Rag null 

tissues were collected as a negative control for cross reaction of anti-mouse secondary antibodies 
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when using mouse primary antibodies). Collected tissues were flash frozen in OCT before 

sectioning. All special staining was performed at the University of Washington’s Histology and 

Imaging Core (HIC).  MyH7 antibody was obtained from Sigma Aldrich (St. Louis, MO).  

 

Muscle Morphometry 

Samples of fresh gastrocnemius muscles taken from Wt, Fnip1
-/-

, Mdx
4CV-/-

 and Fnip1
-/-

Mdx
4CV-/-

 

double knockout mice were snap frozen in OCT (n=3/genotype). 5 micron cross sections were 

mounted on slides and fixed with paraformaldehyde. Slides were stained with a fluorescent 

antibody against Wheat Germ Agglutinin (WGA) to highlight plasma membrane specific 

glycoproteins and counterstained with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI). 

Resulting images were analyzed at 100x magnification. In order to measure myofibril cross 

sectional area groups of 10 adjacent myofibers (total of 100 fibers) were chosen at random 

(n=3/genotype) and their diameters traced. Resulting traces were analyzed in an imaging analysis 

program (ImageJ: http://imagej.nih.gov/ij/) to provide relative surface area. In these same 

images, DAPI positive staining nuclei were manually counted in 10 separate fields at 200x 

magnification. Readers were blinded and fields randomly chosen. Nuclei were categorized as 

centrally or peripherally positioned for comparison. Additionally, quadriceps muscles from each 

of these animals were fixed in 10% buffered formalin and resulting slides were stained with 

H&E.   

 

Seahorse metabolic analyses 

Gastrocnemius muscles were collected from Fnip1
-/-

 and Fnip1
+/-

 (wildtype) mice that were age 

and sex-matched. Fresh tissue was rinsed in phosphate buffered saline and placed in a 

dissociation media composed of Dulbecco’s Modified Eagle Medium (DMEM), gentamycin, 2% 

fetal bovine serum and Collagenase A and left to incubate at 37 degrees Celsius at 5% carbon 

http://imagej.nih.gov/ij/
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dioxide for 1.5-2 hours. Muscle samples were then removed from dissociation media and gently 

triturated in DMEM until single muscle fibers were detached and suspended in solution. Isolated 

fibers of each genotype were combined and plated in replicate.  After visualization under a 

dissecting microscope, fibers were counted and plated equivalently with a target confluence of 

80-90%. Fibers were cultured on matrigel media in an XF96 microplate (Seahorse Biosciences) 

and incubated at 37 degrees Celsius for 6-12 hours prior to analysis. Mitochondrial function was 

analyzed in accordance with the XF Cell Mito Stress Test Kit (Seahorse Biosciences) and basal 

respiratory and glycolytic rates will be determined. Following basal measurements, multiple 

assays reagents were added including: carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

(FCCP; Sigma C2920) and Antimycin. 

 

Muscle fatigue assay 

8 week-old male Fnip1
-/-

 and WT control mice were anesthetized intraperitoneally with Avertin 

(17ul/kg body weight, 2.5% solution) with supplemental doses administered as required to 

maintain necessary anesthesia. A small incision was made to expose the Achilles tendon. The 

intact tendon was attached to the lever arm of the servometer (Cambridge Technology Model 

305) which measures applied force during initiated contraction. The hindlimb was stabilized and 

needle electrodes were inserted on either side of the tibial nerve. The stimulation voltage and 

muscle length are adjusted for maximum isomeric twitch force. The signal output of the force 

transducer was displayed on a storage oscilloscope (Tektronix Model 5111) coupled to a 

microcomputer used for data acquisition and storage.  The muscle is then stimulated every 2 

seconds for a total of 4 minutes and then allowed to recover briefly. At three and five minutes 

post contraction single stimulations were performed and force measured to assess recovery 

capacity. Specific force was calculated as peak titanic force x muscle length x pennation (0.45 

for gastrocnemius) x density (1.04)/muscle mass. 
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Transmission electron microscopy 

Fresh samples of the gastrocnemius muscles harvested from 8 week-old male Fnip1 null and WT 

control mice were chopped into 1mm cubes and preserved in Karnovsky’s Gluteraldehyde 

fixative. Samples were dehydrated, sectioned into 70-100nm sections at the Electron Microscopy 

Core Facility of the Fred Hutchinson Cancer Research Center (Seattle, WA). Tissue slices were 

epoxy embedded and visualized with the use of a JEOL 1400 transmission electron microscope 

(JEOL Ltd., Tokyo, JAPAN). 

 

Serum creatine kinase assay 

Creatine Kinase (CK) was measured from serum collected from age-matched mice via 

retroorbital bleeds. Measurement was performed using the Creatinine Kinase- SL Reagent Kit 

(Seikisui Diagnostics P.E.I. Inc. PE Canada). Colorimetric results were read at 340nm after two 

minutes of incubation at 37 degrees C and then each minute for the following two minutes. The 

average change in absorbance per minute was multiplied by a factor of 6592 to yield 

international units/L (IU/L). 

 

Evans blue dye assay 

A 1% solution of Evan’s Blue Dye was injected intraperitoneally into Wt, Fnip1
-/-

, Mdx
4CV-/- 

and 

Fnip1
-/-

Mdx
4CV-/-

 double knockout mice (n=3/group) at a volume dose of 1% of body weight. 

Approximately 20 hours following injection mice were sacrificed and the gastrocnemius muscles 

were isolated and snap frozen in OCT media. Leakage of Evans blue dye was analyzed by 

fluorescence microscopy.  
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Results 

 

Loss of Fnip1 increases the representation of type I skeletal muscle fibers 

Upon gross observation, skeletal muscle from Fnip1
-/-

 mice appeared dark red in coloration with 

reduced overall mass when compared to skeletal muscle from wildtype (WT) littermate control 

mice (Figures 1, 11A). Because slow-twitch fibers appear deeper red in coloration relative to 

fast-twitch fibers, we investigated whether loss of Fnip1 alters the representative composition of 

skeletal muscle fiber types.  We stained histologic sections of gastrocnemius muscles from 

Fnip1
-/-

 and wildtype mice
 
for enzymes and proteins which are differentially expressed in Type I 

fibers relative to Type II fibers, including Succinate Dehydrogenase ([SDH], a critical 

mitochondrial enzyme involved in oxidative respiration), metachromatic ATPase ([pH 4.3] 

which allows for differential myofibrillar stain uptake based on oxidative ATPase activity), and 

Myosin Heavy Chain 7 ([MYH7], an isoform of MHC found in Type I Fibers).   As shown in 

Figure 2, normal gastrocnemius muscle contains a mixture of SDH-positive type I and SDH-

negative type II fibers.  However, Fnip1
-/-

 gastrocnemius muscle contains almost exclusively 

SDH positive type I fibers.  Fnip1
-/-

 muscle also contains an excess of strongly staining ATPase 

positive fibers relative to muscle from wildtype mice. This alteration correlates closely with an 

increase in muscle fibers expressing slow twitch specific MyH7. Morphometric analyses with 

anti-wheat germ agglutinin (WGA) revealed that Fnip1 null skeletal muscle fibers are smaller in 

diameter relative to Wt skeletal muscle fibers (Figure 3), which is consistent with increased type 

I myofibers. 

  To further define the apparent shift in skeletal muscle fiber types following loss of Fnip1, 

we performed real-time PCR (RT-PCR) and immunoblotting for RNA and proteins characteristic 

of type I versus type II skeletal muscle fibers. RT-PCR revealed an approximately 3-fold 

increase in Myoglobin mRNA expression in Fnip1
-/-

 skeletal muscle when compared to controls, 



10 
 

as well as pronounced increases in mRNA expression of cytoskeletal markers of slow twitch 

muscle including Troponin I slow (Tnni1, (~151 fold increase)), Tnnc1 (~160 fold increase), 

Tnnt1 (~400-fold increase), and MyH7 (>800 fold increase) (Figure 4A), with corresponding 

decreases in the mRNA expression of MyH2 and MyH4, which are markers of Type II fibers.  

Immunoblot analyses confirmed significant increases in Myoglobin, MyH7, and Cytochrome C 

protein in Fnip1 null mice when compared to wildtype controls (Figure 4B).  These results 

collectively suggest that loss of Fnip1 results in a significant shift in the representation of 

skeletal muscle fibers from Type II to Type I fibers. 

 

Fnip1 is normally expressed type II skeletal muscle fibers 

 

To further define the role of Fnip1 in fiber type specification, we assessed the normal expression 

of Fnip1 protein in muscles with type II characteristics (extensor digitalis longus (EDL), 

gastrocnemius) versus type I characteristics (Soleus).  We found that in wild-type skeletal 

muscles, Fnip1 protein is normally highly expressed in muscles known to be rich in type II fibers 

(EDL, gastrocnemius), but is low or absent in soleus muscles, which are rich in type I fibers 

(Figure 5). These results are consistent with the notion that Fnip1 has a significant role in fiber 

type specification.   

 

Fnip1 null skeletal muscle contains increased numbers of highly functional 

mitochondria  

To characterize the consequences of Fnip1 loss on the metabolic capacity of muscle fibers, we 

assessed the expression of key mitochondrial genes and measured the metabolic capacity of 

isolated myofibrils from Fnip1
-/-

 and WT gastrocnemius muscle.  RT-PCR analysis indicated that 

relative to WT skeletal muscle, disruption of Fnip1 resulted in increased expression of 
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mitochondrial genes which are more highly expressed in Type I fibers including genes involved 

in mitochondrial metabolism such as cytochrome B (Cytb; ~40-fold increase), ATP synthase 

lipid binding protein (Atp51;~80-fold increase), uncoupling protein 3 (Ucp3;~18 fold increase), 

Isocitrate dehydrogenase 1 (Idh1; ~8-fold increase), and Hexokinase 1 (Hk1; ~22-fold increase) 

(Figure 6A). Disruption of Fnip1 also results in dramatic increases in subsarcolemmal 

mitochondrial number, as determined by transmission electron microscopy (Fig. 8). 

 To assess the functional consequences of the excess mitochondria mass in Fnip1
-/- 

skeletal muscle, we isolated adult myofibers from Fnip1
-/-

 and WT mice and assessed basal 

metabolism using the Seahorse XF analyzer, which measures oxygen consumption rate (OCR; a 

measure of oxidative phosphorylation) and extracellular acidification rate (ECAR; a measure of 

glycolysis) on live cultured cells. Results of seahorse analyses showed that Fnip1
-/-

 skeletal 

muscle myofibrils exhibit significantly increased basal (Figure 6B) and stimulated (not shown) 

oxygen consumption rates relative to wild-type myofibrils, whereas aerobic glycolysis was 

relatively unaffected. These results collectively suggest that disruption of Fnip1 results in a 

pronounced expansion of functional mitochondria, which is consistent with a shift towards a 

predominance of highly oxidative skeletal muscle fibers with type I characteristics.  

 In order to better define this observed metabolic shift, we took an unbiased global 

metabolomic approach using liquid chromatography mass spectrometry (LC-MS) to measure 

alterations in levels of 168 metabolites associated with major metabolic pathways.  We found 

that Fnip1
-/-

 gastrocnemius muscle contains increased metabolites associated with amino acid 

signaling and progression of the TCA cycle, consistent with increased mTOR signaling (further 

discussed below) and increased oxidative metabolism (Figure 7). Collectively, our results are 

consistent with a normal role for Fnip1 in the generation and/or maintenance of Type II fibers, 

and a shift from predominantly type II fibers to Type I fibers following disruption of Fnip1. 
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Increased activation of AMPK and PGC1in Fnip1 null skeletal muscle  

Because Fnip1 physically interacts with AMPK, we compared RNA and protein levels of 

components of the AMPK signaling pathway in gastrocnemius muscle from Fnip1 null and wild-

type control mice. Levels of phosphorylated AMPK at threonine 172 were increased in Fnip1
-/-

 

skeletal muscle relative to WT skeletal muscle, which is indicative of activated AMPK (Figure 

9A). Additionally, we found increased levels of phosphorylated-Acetyl CoA carboxylase 1 

(ACC1), a protein involved in fatty acid synthesis that is switched off by AMPK 

phosphorylation.  Importantly, expression of the transcriptional co-activator PGC1, a principal 

regulator of mitochondrial biogenesis, was significantly elevated at both the protein (Fig. 9A) 

and RNA (Fig. 9B) level in skeletal muscle from Fnip1
-/- 

relative to WT mice.  Expression of 

PGC1 is known to be positively regulated by AMPK [12, 22]. Expression of Ppar (a target of 

PGC1) was also increased in Fnip1
-/-

 mice. These results collectively suggest that disruption of 

Fnip1 results in increased basal activation of AMPK and PGC1 in skeletal muscle tissue. 

 

Increased mTORC1 and decreased autophagy in Fnip1 null skeletal muscle 

Mammalian target of rapamycin mTOR consists of the rapamycin-sensitive mTORC1 complex 

(mTOR, Raptor, Pras-40, Deptor, mLST8) and the rapamycin-insensitive mTORC2 complex 

(Rictor, mSin1, Protor, Deptor, and mLST8). mTORC1 promotes cell growth by inducing 

anabolic processes and cell cycle progression in response to amino acids and growth factors.  In 

contrast, mTORC2 regulates cell survival and cytoskeletal organization in response to growth 

factor signals.   In the presence of low oxygen and energy deficit, activated AMPK inhibits 

energy consuming cellular growth driven by the mTORC1 pathway in part by phosphorylation 

and activation of the mTORC1 inhibitor TSC2, and by phosphorylation and inhibition of the 

mTORC1 activator Raptor. To determine if mTORC1 is regulated by Fnip1, we compared RNA 

and protein levels of components of the mTORC1 pathway in gastrocnemius muscle from Fnip1
-
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/-
 mice and wild-type control mice. Immunoblot analysis revealed increased phosphorylated 

ribosomal S6 protein (S6R) and increased phosphorylated EIF4E-binding protein (P-4EBP) in 

Fnip1
-/-

 muscle relative to WT muscle (Fig. 10A). P-S6R and P-4EBP are downstream products 

of mTORC1 activation and are commonly used as markers of mTORC1 activity. Active 

mTORC1 is known to negatively feedback to inhibit mTORC1 activation, in part by 

phosphorylating IRS1 and the receptor tyrosine kinase inhibitor growth factor receptor-bond 

protein 10 (Grb10), and by reducing expression of growth factor receptors[31].  Indeed, we find 

a dramatic reduction of biphosphorylated Glycogen Synthase Kinase-3 (GSK-3) which is 

phosphorylated at both alpha and beta subunits (Ser 21, Ser9 respectively) by Protein Kinase B 

(AKT), a downstream effector of PI3 kinase (Fig. 10A). Inhibition of GSK activation is likely a 

consequence of mTORC1 hyperactivation and subsequent negative feedback inhibition through 

inhibition of PI3-kinase and subsequently AKT. 

  mTORC1 also promotes cell growth by negatively regulating autophagy, an energy 

producing process in which cytoplasm and organelles are enveloped into structures known as 

autophagosomes and subsequently degraded into components which can be of use to the cell. To 

determine if Fnip1 null mice showed derangement in normal autophagic balance we performed 

western blots on skeletal muscle protein isolates, probing for autophagic protein markers such as 

microtubule associated protein light chain LC3B and ubiquitin binding protein P62, which are 

widely utilized as markers of autophagy.  We found increased ratio of LC3I to LC3II and 

increase P62 in Fnip1
-/- 

versus Wt skeletal muscle, which is indicative of impaired autophagy 

and hyperactivation of mTOR (Fig 10A).   We next examined whether hyperactive mTOR and 

impaired autophagy might be responsible for the shift in skeletal muscle fiber type following 

disruption of Fnip1.  We treated Fnip1 null mice with the mTORC1 inhibitor rapamycin 

beginning at conception (i.e. breeding pairs were treated with rapamycin diet) through weaning 

until 6 weeks of age, when skeletal muscle was harvested and analyzed by immunoblot.   We 
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found that long-term rapamycin failed to rescue normal fiber type representation despite 

inhibition of mTORC1 activity to below basal Wt levels (Figure 10B).  Rapamycin failed to 

reduce levels of the slow twitch marker MyH7, Myoglobin, and PGC1, in Fnip1
-/-

 mice relative 

to WT mice.  However, rapamycin nearly completely restored normal autophagy based on 

increased LC3BI:LC3BII ratio, which is consistent with the known ability of mTORC1 to inhibit 

autophagy.  These results collectively support a role of Fnip1 in skeletal muscle fiber type 

representation relatively independent of mTORC1 and impaired autophagy.  

 

Fnip1 null skeletal muscle generates less force and is more resistant to fatigue 

To investigate the functional significance of the shift in fiber type following disruption of Fnip1, 

we performed an in situ muscle fatigue assay to evaluate contraction characteristics of 

gastrocnemius muscle from anesthetized Fnip1
-/- 

and WT mice. This assay specifically tests 

skeletal muscle endurance by examining the functions of single isolated muscle bellies at normal 

body temperature and under optimal perfusion conditions. This eliminates decision-based 

variables and/or endurance disparity due to systemic illness.  We found that intact Fnip1
-/-

 

gastrocnemius muscles were smaller and weighed significantly less than that of the wild-type 

controls (Fig. 11A), consistent with a switch to a preponderance of type I fibers. Additionally 

Fnip1
-/-

 gastrocnemius muscles exhibited considerably reduced baseline force capacity compared 

to Wt mice generating approximately one half the initial peak force as was seen in Wt mice 

(Figs. 11B and C).  Following repeated stimulation, the forces of contraction dropped 

progressively in both wild-type and Fnip1
-/-

 null mice. Within 60 seconds of recurrent 

contraction, both strains of mice reached a trough force level which remained steady with 

minimal decay on continued stimulation. Interestingly, whereas Fnip1
-/- 

mice plateaued at 

approximately 50 percent of peak force output, wild-type mice dropped much further reaching 

trough levels of approximately 30 percent of initial peak force (Figs. 12A and B).  Furthermore, 
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following repeated contraction, Fnip1 null mice recovered significantly quicker compared to Wt 

controls, returning to approximately 100 percent of baseline peak force within 3 minutes 

following contraction (Figure 12C), whereas control gastrocnemius muscles remained at 

approximately 85 percent of peak following the same recovery period.  The increased endurance 

and resistance to fatigue following disruption of Fnip1 is consistent with a shift in fiber type ratio 

towards highly oxidative slow twitch fibers. 

 

Loss of Fnip1 stimulates Type I Fiber type differentiation in a PGC1 dependent 

manner 

PGC1 is a key driver of metabolic reprogramming, mitochondrial biogenesis, and type I fiber 

specification in skeletal muscle. Because disruption of Fnip1 results in increased expression of 

PGC1(Figure 9A), we sought to determine if the muscle fiber shift observed in Fnip1 null 

mice is due in part to the induction of PGC1  We bred Fnip1
-/- 

mice with PGC1 null 

mice[29] to generate Fnip1
-/- 

PGC1-/-
 double-null mice.  Upon gross examination, disruption of 

PGC1 appeared to partially restore normal coloration of Fnip1
-/-

 skeletal muscle (Figure 13A). 

Immunoblot analysis of total protein taken from the gastrocnemius muscle revealed a dramatic 

reduction in slow twitch myosin (MyH7), Cytochrome C, and total Myoglobin in Fnip1
-/- 

PGC1-/-
 mice when compared to Fnip1

-/- 
mice (Figure 13B) suggesting a partial rescue of the 

oxidative phenotype. Additional blots showed a reduction in phosphorylated-Acetyl CoA 

carboxylase 1 (ACC1) levels in double knockout mice when compared to Fnip1
-/-

, indicative of a 

reduction in AMPK hyper-activation characteristic of the Fnip1
-/-

 skeletal muscle phenotype. 

These findings identify PGC1a as an essential mediator of the oxidative muscle fiber shift seen 

in Fnip1 null mice. 
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Disruption of Fnip1 prevents muscular dystrophy in a murine model of Duchenne 

Muscular Dystrophy 

Duchenne muscular dystrophy (DMD) is a fatal recessive X-linked hereditary disease 

characterized by progressive muscular dystrophy, which ultimately leads to paralysis and death 

from respiratory and/or cardiac failure[32]. DMD is caused by mutations in the DMD gene 

encoding dystrophin[33-35], a subsarcolemmal protein which functions as part of the dystrophin-

associated glycoprotein complex (DGC).  Disruption of the DGC complex in DMD leads to 

mitochondrial dysfunction, sarcolemmal ruptures, muscle fiber necrosis, and eventually 

irreversible muscle wasting.  Since Fnip1
-/-

 mice have increased numbers of functional 

mitochondria and increased fatigue resistance, we sought to determine if disruption of Fnip1 

could ameliorate DMD disease.  We bred Fnip1
-/-

 mice to Dmd
mdx-4CV 

mice[30] (herein mdx), 

which have a C- to T-transition in exon 53 that creates a non-sense codon resulting in the 

absence of Dystrophin protein [36]. To examine the effects of Fnip1 loss on muscle morphology 

in mdx mice, we stained cross sections of Wt, Fnip1
-/-

, mdx, and mdxFnip1
-/-

 gastrocnemius 

muscle with hematoxylin and eosin (Figs. 14, top and 15A, top), and anti-WGA combined with 

DAPI (Figs. 14, bottom and 15A, bottom) to better visualize muscle boundries and nuclei.  As 

has been previously shown, we found that skeletal muscle fibers from mdx mice have increased 

numbers of centralized nuclei, which is a reflection of fiber regeneration following muscle 

injury. Concurrent disruption of Fnip1 in mdx mice led to a ~50% reduction in the percentage of 

centrally located nuclei indicative of a decrease in muscle fiber injury.         To more directly test 

the consequences of Fnip1 loss on sarcolemmal rupture and muscle damage, we measured the 

extravasation of Evan’s Blue Dye (EBD) in gastrocnemius muscle 20 hours after intravenous 

injection.  EBD extravasation is a common measure of increased vascular and cellular 

permeability which occurs following muscle damage. We found a significant increase in Evans’s 

blue extravasation in mdx muscle relative to Wt muscle (Figures 16A), as has been previously 
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shown.  Disruption of Fnip1 in Fnip1
-/-

mdx muscle reduced Evans blue extravasation to 

undetectable levels, as is seen in Wt mice. To further assess the potential benefits of Fnip1 loss 

on inhibiting muscle damage in mdx mice, we measured the levels of serum creatine kinase 

(CK), which is a highly sensitive and widely utilized measure of muscle damage in mdx mice.  

As expected, mdx mice had a 17-fold mean increase in levels of CK relative to normal Wt mice 

(Figure 16B).  Remarkably, disruption of Fnip1 completely rescued serum CK levels in mdx 

mice to levels similar to that of wild type mice. Prevention of muscle damage in mdxFnip1
-/-

 

mice is not due to up-regulation (compensation) of the dystrophin homolog utrophin, which is 

reduced in mdxFnip1
-/-

 mice relative to mdx mice (Figure 17).  These results collectively 

indicate that inhibition of Fnip1 provides significant protection against muscle damage in a 

murine model of Duchenne muscular dystrophy in a utrophin independent manner. 
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Discussion 

The benefits of endurance exercise on skeletal muscle function and resistance to obesity occur in 

part through the metabolic reprogramming of myofibers, which results in improved energy 

substrate utilization, contractile properties, and ultimately changes whole-body metabolism. In 

particular, endurance exercise increases the representation of Type I slow-twitch fibers which are 

rich in ATP-generating mitochondria and contain slow isoforms of contractile proteins that 

preferentially oxidize fatty acids and more fatigue resistant than Type II fast twitch fibers, which 

preferentially metabolize glucose and express fast isoforms of contractile proteins. Having a 

surplus of highly oxidative type I fibers results in considerable health benefits including 

increased protection against obesity and metabolic diseases including diabetes and 

cardiovascular disease [1-4].   In this study, we found that disruption of Fnip1 results in a 

dramatic shift in skeletal muscle fiber type from predominantly Type IIa glycolytic fibers to 

Type I oxidative fibers that are rich in mitochondria and preferentially utilize oxidative 

phosphorylation over glycolysis.  These results identify Fnip1 as a new member of a signaling 

pathway involved in reprogramming skeletal muscle fiber specification, and that inhibition of 

Fnip1 has “exercise mimetic” properties, which has potential to profoundly impact overall 

metabolic health. 

Relative to WT skeletal muscle, Fnip1 null skeletal muscle is uniformly deep red in color 

(due in part to increased Myoglobin content), contains increased mitochondria (as determined by 

SDH staining, EM, and analysis of mitochondrial gene expression), and are greatly enriched for 

genes and proteins which characterize Type I fiber specification including MyH7, Cytochrome 

C, Tnni1, Tnnc1, Tnnt1.  The increased mitochondria density in Fnip1
-/-

 skeletal muscle results 

in higher oxygen consumption rates in vitro and improved resistance to muscle fatigue in vivo 

relative to WT skeletal muscle, suggesting that the mitochondria in Fnip1
-/-

 mice are highly 

functional. Type II myofiber specific genes including MyH2 and MyH4 are proportionally 



19 
 

decreased in Fnip1
-/-

 skeletal muscle relative to muscle taken from Wt controls.   These findings 

indicate that Fnip1 is an important regulator of mitochondrial biogenesis and skeletal muscle 

fiber type specification.  

 Considering that Fnip1 physically interacts with all three subunits of AMPK, we sought 

to determine whether disruption of Fnip1 results in altered AMPK signaling.  We found that 

AMPK is hyperactivated in Fnip1 null skeletal muscle based on increased phosphorylation of 

AMPK at Thr172, and increased phosphorylation of ACC1, an AMPK target involved in lipid 

metabolism.  AMPK has previously been shown to be a major signaling molecule involved in 

specifying skeletal muscle fiber type differentiation and mitochondrial biogenesis[37] in 

response to endurance exercise and chronic energy deprivation.  For example, gain-of-function 

mutations in AMPK 3 subunit (R225Q) in mice increases mitochondrial biogenesis and 

oxidative potential in glycolytic skeletal muscle, and provides protection from dietary-induced 

insulin resistance due to increased lipid oxidation[14].  Similarly, exercise training and the 

AMPK agonist AICAR increased oxidative fibers and running endurance in adult mice[8] and 

increased glucose uptake[38].  Conversely, reduced AMPK activity in AMPK2 null mice lead 

to decreased skeletal muscle mitochondrial function and increased insulin resistance[39, 40], and 

transgenic mice defective for AMPK activation have reduced voluntary exercise[38, 41].  AMPK 

12 null mice also have drastically reduced exercise capacity, mitochondrial content, and 

contraction-induced glucose uptake[11]. With these findings in mind, our results suggest that 

loss of Fnip1 may stimulate skeletal muscle mitochondrial biogenesis and fiber type 

determination in part by directly or indirectly regulating activation of AMPK.  

 In response to high AMP/low ATP ratio, LKB phosphorylates and activates AMPK.   

Once activated, AMPK coordinates catabolic signaling pathways to increase energy production, 

while inhibiting anabolic processes and energy consumption mediated by mTOR. More 

specifically, AMPK inhibits mTOR by phosphorylating and activating the mTOR inhibitor 
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TSC2[42] and phosphorylating and inhibiting the mTOR activator Raptor[43]. To determine if 

loss of Fnip1 alters mTOR signaling, we measured the activation of mTOR in isolated skeletal 

muscle from Fnip1
-/-

 and WT mice.  We found that mTOR activity is significantly elevated 

following disruption of Fnip1, based on increased phosphoryation of S6R and 4E-BP, which are 

downstream targets of mTOR.  Previous studies indicate that activated mTOR promotes a strong 

negative feedback loop by phosphorylating insulin receptor substrate-1 [(IRS-1) which promotes 

IRS-1 degradation][44], and by phosphorylating growth factor receptor-bound protein 10 

(Grb10)[44], which reduces growth factor signaling downstream of RTKs.  Indeed, we found a 

dramatic reduction in phosphorylation of GSK at the AKT phosphorylation site, which is 

indicative of reduced PI3 kinase signaling, an upstream activator of mTOR.   We also found 

significant impairment of autophagy (self –digestion of organelles to generate nutrients), based 

on increased LC3BI-LC3BII ratio and increased p62 sequestome, which are widely utilized as 

markers of autophagy[45].   This inhibition was partially restored by treatment with rapamycin, 

suggesting that inhibition of autophagy is mediated at least in part through mTOR, a potent 

inhibitor of autophagy [46].  These results collectively suggest that disruption of Fnip1 results in 

hyperactivation of mTOR in skeletal muscle cells, perhaps by preventing the abilities of AMPK 

to efficiently inhibit mTOR. 

Previous studies have suggested that mTORC1 is also necessary for the maintenance of 

mitochondrial oxidative function in skeletal muscle cells, in part by coactivating the 

mitochondrial biogenesis factor PGC1 and the YING-YANG1 protein (YY-1)[47].  To 

determine if excessive mTOR is required for this shift in skeletal muscle phenotype, we treated 

mice with the mTORC1 inhibitor rapamycin for up to 12 weeks beginning in utero.  Despite a 

>75% reduction in phospho-S6R in Fnip1
-/-

 skeletal muscle (to levels below wildtype), 

rapamycin failed to restore normal representation of Type II fibers.  However rapamycin did 

rescue the autophagic block observed in Fnip1
-/-

 skeletal muscle.  These results suggest that the 
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shift in skeletal muscle fiber type following disruption of Fnip1 is not likely a direct consequence 

of mTOR hyperactivation. 

To further define the role of Fnip1 in the regulation of mitochondrial biogenesis and fiber 

type determination, we assessed the expression of PGC1, a master transcriptional co-activator 

known to regulate these processes.  PGC1, and the related PCG1, have been shown to activate 

a program of mitochondrial biogenesis and oxidative phosphorylation, by increasing components 

of the electron transport chain, TCA cycle, and fatty acid oxidation[48].  PGC1 is preferentially 

expressed in type I fibers, and transgenic expression of PGC1[3]or the related PCG1[4] in 

skeletal muscle fibers dramatically increases mitochondrial content, cellular respiration, 

endurance capacity, and fatigue resistance.  Transgenic PGC1 in particular is sufficient to drive 

the formation of slow-twitch type I and IIa muscle fibers in muscle such as the gastrocnemius 

and plantaris which are predominantly composed of fast twitch myofibers[3]. Conversely, 

skeletal muscle specific deletion of PGC1 results in a muscle fiber type shift from Type I and 

Type IIa muscle fibers towards more glycolytic Type IIb/x fibers resulting in a significant loss of 

endurance and an increased susceptibility to post exercise muscle fiber injury[49].  In our study, 

we found that disruption of Fnip1 results in increased expression of PGC1 mRNA and total 

protein, which correlated with increased mRNA expression of PGC1 target genes.  Skeletal 

muscle from Fnip1
-/-

 mice and PGC1 transgenic mice[3] have strikingly similar deep red 

coloration, indicative of a switch to Myoglobin-rich slow twitch muscle. To determine whether 

increased PGC1 is responsible for the increased representation of slow-twitch muscle fibers in 

Fnip1
-/-

 mice, we generated PGC1-/-
Fnip1

-/-
 mice.  We found that loss of PGC1 dramatically 

reduced expression of the slow-twitch specific MHC protein MyH7, as well as Myoglobin and 

Cytochrome C in PGC1-/-
Fnip1

-/-
gastrocnemius muscle relative to Fnip1

-/-
 gastrocnemius 
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muscle.  These results demonstrate that disruption of Fnip1 results in increased PGC1 protein, 

which in turn contributes to increased mitochondrial biogenesis and muscle fiber type switch.  

Fnip1 physically interacts with Folliculin, Fnip2, HSP90, and all three subunits of AMP 

kinase.  In the presence of high AMP, AMPK stimulates mitochondria biogenesis and increases 

oxidative phosphorylation to produce ATP, in part by increasing expression of PGC1 mRNA 

and by phosphorylating PGC1[22], resulting in increased protein stabilization.  In the absence 

of Fnip1, we find increased activation of AMPK, increased PGC1 protein levels, and increased 

activation of mTORC1 in Fnip1
-/- 

relative to WT skeletal muscle.  Whereas mTOR has also been 

shown to promote mitochondrial biogenesis by enhancing YY1 interaction and co-activation 

with PGC1, long-term inhibition of mTORC1 with rapamycin fails to restore normal 

representation of slow twitch fibers in Fnip1
-/-

 mice. In contrast, disruption of PGC1 rescues 

fiber type representation. These results collectively suggest that Fnip1 modulates mitochondrial 

biogenesis and skeletal muscle differentiation in a PGC1 dependent, mTOR independent 

manner.   The mechanism, of how Fnip1 acts to inhibit PGC1is unclear. However, AMPK has 

been shown to phosphorylate both Fnip1 and Folliculin, and inhibition of Folliculin also induces 

mitochondrial biogenesis and skeletal muscle fiber type switch in a PGC1 dependent 

manner[50].  Hence, the complex of Fnip1 and Folliculin may function in a negative feedback 

loop to inhibit or “turn off” AMPK, PGC1 and oxidative metabolism following AMPK 

activation.    

Muscular dystrophy diseases are often typified by defective mitochondria[51], and slow 

oxidative fibers have been shown to be more resistant to dystrophic pathology than faster, 

glycolytic fibers[52].  In this study, we found that inhibition of Fnip1 dramatically improves 

severe dystrophic pathology in the mdx murine model of Duchenne muscular dystrophy[21]. 

Skeletal muscle-specific overexpression of PGC1 also protects against muscle dystrophy, 
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suggesting that inhibition of Fnip1 may act in part through induction of PGC1[53].  Given the 

role of Fnip1 in skeletal muscle fiber type differentiation, mitochondrial biogenesis and 

resistance to fatigue, these results suggest that pharmacological inhibition of Fnip1 may provide 

innovative strategy to improve muscle function on patients with muscular dystrophy diseases, 

and/or improve the responses of patients with obesity associated disease.   In addition, whereas 

genetic disruption of either Folliculin or PGC1 is either embryonic or early post-natal lethal in 

mice, constitutive loss of Fnip1 is well tolerated suggesting that pharmacologic inhibition of 

Fnip1 may have low toxicity.   
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Figure 1. Fnip1
-/-

 skeletal muscles are less prominent when compared to WT controls and 

display a characteristic deep reddish coloration.  

Representative photographs showing wild-type and Fnip1
-/-

 skeletal muscle shortly after 

euthanasia.   
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Figure 2. Fnip1
-/- 

skeletal muscle contains a higher concentration of highly oxidative, slow 

twitch fibers.  

Immunohistochemical staining of mitochondrial and slow twitch myofibril markers was 

performed on cross sections of the gastrocnemius muscle taken from 8-week old male Fnip1
-/-

 

mice and wild-type littermate controls.  Shown are representative Succinate Dehydrogenase 

(SDH); ATPase (pH 4.7); and Myosin Heavy Chain 7 (MyH7) stained sections from N=3-5 mice 

per group. 
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Figure 3. Fnip1
-/-

 myofibrils are significantly smaller than those of WT controls.  

(A) Representative wheat germ agglutinin (WGA) stained cross sections of WT and Fnip1 null 

gastrocnemius muscles. Images were collected by fluorescence microscopy. (B) Bar graphs 

depict relative fiber size distribution of a total of 100 individual fibers (groups of 10 fibers 

chosen at random and cross sectional surface area measured) per genotype (n= 3 mice/group). 

A 

B 
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Figure 4. Fnip1 null skeletal muscle expresses increased levels of slow twitch specific genes 

and proteins.  

(A) Gastrocnemius muscle RNA was extracted from 8-week old male mice. Gene expression 

was measured by quantitative real-time PCR (RT-PCR).  Shown are the means +/- SEM from 4-

6 mice/group.   mRNA expression levels are shown as Fnip1
-/- 

relative to Wt mice.  (B) 

Immunoblotting of proteins characteristic of slow twitch muscle fibers.  Proteins were isolated 

from gastrocnemius muscle.  Shown are representative immunoblots showing 3 independent 

mice per group. Gapdh is shown as loading controls. 

A 

B 
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Figure 5. Fnip1 is normally expressed in Type II skeletal muscle.  

Fnip1 protein is found predominantly in fast-twitch muscle fiber types. Western blot analysis 

was performed on protein extracted from the Extensor Digitalis Longus, Gastrocnemius, and 

Soleus muscles from an 8-week old male wild-type mouse.  
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Figure 6. Disruption of Fnip1 increases the representation of highly oxidative fibers rich in 

mitochondria.   

(A) Expression of mitochondrial specific genes were evaluated by RT-PCR on RNA extracted 

from the gastrocnemius muscle of Fnip1
-/-

 mice and littermate controls.  Shown are bar graphs 

from 3 mice per group.  Mean +/- SEM are shown for 3-5 mice per group.   

(B) Oxygen consumption rate (OCR) of adult myofibers isolated from the gastrocnemius muscle 

of Fnip1
-/-

 mice and wild type littermates. Baseline OCR in plated myofibers was measured (n=3 

mice per genotype). Myofibers within each genotype were combined and plated in 3-6 replicate 

wells/genotype.  Error bars represent mean and SEM of 3 mice per group. Graph is 

representative of 3 independent experiments. 
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Figure 7. Increases in amino acid, TCA cycle, and fatty acid metabolites in Fnip1
-/-

 skeletal 

muscle.   

Comparison of metabolite concentrations measured from samples of the gastrocnemius muscle 

isolated from age and sex matched Fnip1
-/- 

mice and Wt controls. Results were normalized to 

tissue mass.  Molecules which were present at significantly different concentrations were 

identified via mass spectrometry and categorized based on the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) metabolic pathway classification system. 

Sample Name 
Fnip1-/-

/WT P-value: KEGG Pathway 

Proline  0.474 0.003 Amino Acid 

Asparagine  1.815 0.043 Amino Acid 

Glutamine  2.400 0.003 Amino Acid  

Glutamic acid  1.615 0.031 Amino Acid 

Pyroglutamic Acid  3.281 0.010 Amino acids/Glu 

gamma-Aminobutyrate  3.061 0.011 Amino Acid metabolism/Ala, Glu, Asp 

Citraconic Acid  1.835 0.002 Amino Acid metabolism/Val, Leu, IL 

MethylSuccinate  1.761 0.046 Amino Acid metabolism/Isoleucine 

Xanthine  1.962 0.015 Nucleotide 

Hypoxanthine  2.614 0.016 Nucleotide 

Adenine  1.658 0.028 Nucleotide/Purine metabolism 

Alpha-Ketoglutaric Acid  2.793 0.015 TCA Cycle 

Aconitate  1.852 0.005 TCA Cycle 

Linolenic Acid  2.565 0.047 Fatty acid metabolism 

Citrulline  2.514 0.032 Urea Cycle  

L-Kynurenine  1.933 0.016 Tryptophan Cycle 

Geranyl Pyrophosphate      3.28 0.010 
 Ubiquinone and other terpenoid-quinone 

biosynthesis  

Niacinamide  1.847 0.002 Vitamins 
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Figure 8.  Fnip1
-/-

 skeletal muscle contains increased mitochondrial mass.   

Representative electron micrographs of gastrocnemius muscle taken from 8 week-old male mice.   

Shown are 1000X and 5000X magnified images.   
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Figure 9.  Fnip1
-/-

 skeletal muscles exhibit hyperactivation of the AMPK/PGC1 pathway.  

(A)  Immunoblots were performed on protein lysate extracted from gastrocnemius muscles of 

age and sex-matched mice.   Shown are representative immunoblots from 3 mice of each 

genotype.  1,2,3 represent individual mice of each genotype.  

(B) Expression of PGC1 and PPARwere determined via RT-PCR of RNA extracted from the 

gastrocnemius of age and sex-matched mice (n=6).  Shown are bar graphs depicting the mean +/- 

SEM from 3 mice per group. 
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Figure 10. mTOR pathway is hyperactivated and autophagy is inhibited in Fnip1 null 

skeletal muscle.  

(A) Immunoblots performed on protein lysate extracted from the gastrocnemius muscles of age 

and sex-matched mice.  1,2,3 represent individual mice of each genotype.  

(B)  Mice were fed either normal diet or rapamycin diet beginning in utero and extending until 4-

5 weeks of age (n=5/group).  Rapamycin inhibited mTOR and partially restored autophagy but 

failed to rescue fiber type specification.  Shown are immunoblots derived from 3 mice per group.  

W=Wt controls, F=Fnip1
-/- 

controls.  Gapdh is shown as a protein loading control. 
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Figure 11. Fnip1
-/-

 skeletal muscles are smaller and produce less force when compared to 

WT controls.  

(A) Reduced mass of gastrocnemius muscle isolated from Fnip1
-/-

 mice relative to Wt mice. 

Shown is the mean +/- SEM from 4 mice per group.   

(B-C)  Fnip1
-/-

 mice produce reduced specific force (B) and peak force (C) relative to Wt mice. 

Contraction force measurements performed in situ on the gastrocnemius muscle of anesthetized 

8-week old male Fnip1
-/-

 and Wt mice in situ (n=4/group).  
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Figure 12. Fnip1 null skeletal muscles are more resistant to fatigue and display rapid post 

contraction recovery.  

(A,B) Fnip1
-/- 

mice exhibit decreased post-contraction refractory duration relative to WT mice. 

The isolated muscle was stimulated to contract every 2 seconds for a total of 4 minutes. 

Subsequent to repeated contraction muscle was allowed to rest for a period of three minutes, 

directly followed by a single stimulation and measurement of the resulting recovery force. Red 

bar = Fnip1
-/-

(n=4); Black bar= WT control (n=4). This protocol was repeated at an interval of 5 

minutes. (C) Improved percent post-contraction recovery following disruption of Fnip1.  Shown 

are the mean and SEM from 4 mice per group.  *p<0.05. **p<0.01. ***<0.005. 
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Figure 13.  Disruption of PGC1restores normal muscle fiber representation in Fnip1
-/-

 

mice.  

(A) Fnip1
-/-

PGC1-/- 
double knockout mice display an intermediate skeletal muscle coloration 

phenotype relative to WT and Fnip1
-/-

 mice. Gross images taken shortly after euthanasia.  

(B) Immunoblots performed on protein lysate extracted from the gastrocnemius muscles of age 

and sex-matched mice. 

 

B 
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Figure 14. Fnip1 null skeletal muscles display normal cytoskeletal characteristics.  

H&E staining was performed on formalin fixed quadriceps muscles (top) of Fnip1 null and WT 

control mice (n=3/group). WGA plus DAPI staining, which assists in visualizing plasma 

membranes and nuclei, was performed on gastrocnemius muscles (bottom). 
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Figure 15. Disruption of Fnip1 significantly reduces muscle fiber damage and restores fiber 

integrity in Mdx muscular dystrophy mice.  

(A)  H&E staining was performed on formalin fixed quadriceps muscles (top), and WGA plus 

DAPI staining on gastrocnemius muscles (bottom), which assists in visualizing plasma 

membranes (Green) and nuclei (Blue) respectively. Black arrows mark centralized nuclei.  

(B) Nuclei were counted in 10 random fields per genotype (n=3/genotype) in a blinded fashion. 

A 
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Figure 16. Disruption of Fnip1 significantly prevents muscle fiber damage and restores 

muscle fiber integrity in Mdx muscular dystrophy mice.  

(A) Loss of Fnip1 expression significantly reduces extravasation of Evan’s Blue Dye in Mdx 

mice 20 hours post-injection.   Shown are representative images of cross sections of 

gastrocnemius muscle harvested from mice of the listed genotypes. Dye leakage was analyzed by 

fluorescent microscopy.   

(B) Inhibition of Fnip1 significantly reduces serum creatine kinase levels in Mdx mice. Creatine 

kinase levels were determined by colorimetric assay.  Bar graphs represent the mean+/- SEM of 

3 mice per genotype. 

B 

A 



40 
 

 

 

 

                           

 

 

 

 

 

 

Figure 17. Fnip1 null rescue of mdx skeletal muscle phenotype occurs independently of 

Utrophin A expression.  

(A) Immunoblots performed on protein lysate extracted from the gastrocnemius muscles of age 

and sex-matched mice (n=3 mice/genotype). Image was analyzed using ImageJ 

(http://imagej.nih.gov/ij/). Results represent Utrophin A signal normalized to loading control 

(GAPDH). 

(B) Shown are mean +/- SEM relative Utrophin A concentration. P-values are shown. 

 

P=0.05 
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41 
 

 

 

Figure 18.  Model of Fnip1 functions in skeletal muscle. 

(Left).  Fnip1 interacts with AMPK, Fnip2, and Folliculin.  Under conditions of low ATP/high 

AMP or exercise, AMPK is phosphorylated at threonine 172 by LKB kinase.  Activated AMPK 

stimulates energy production in part by phosphorylating and increasing transcription of PGC1, 

resulting in increased PGC1 protein.   PGC1 then stimulates transcription of essential genes 

involved in oxidative phosphorylation (OXPHOS), mitochondrial biogenesis, and type I fiber 

type specification including PPAR, PPAR, estrogen receptor-related  (ERRa), FoxO1, 

hepatocyte nuclear factor 4 (HNF4), and nuclear respiratory factor 1 (NRF1).  Activated 

AMPK concurrently inhibits energy consumption mediated by mTOR by phosphorylating and 

activating the Rheb GTPase inhibitor TSC2, and by phosphorylating and activating the mTOR 

activator Raptor.  Fnip1 is normally required for AMPK to efficiently inhibit mTOR, and to turn 

off AMPK activation in response to low energy.  (Right)  In the absence of Fnip1, AMPK is 

hyperactivated in response to energy or nutrient deprivation, resulting in increased PGC1 

expression, increased mitochondrial biogenesis, and type I fiber type switch.  AMPK also fails to 

efficiently inhibit mTOR, resulting in increased mTOR mediated nutrient consumption, which 

further feeds back to activate AMPK.  
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