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Abstract

Intramuscular adipose tissue (IMAT) is associated with deficits in strength and physical function 

across a wide array of conditions, from injury to ageing to metabolic disease. Due to the diverse 

aetiologies of the primary disorders involving IMAT and the strength of the associations, it 

has long been proposed that IMAT directly contributes to this muscle dysfunction. However, 

infiltration of IMAT and reduced strength could both be driven by muscle disuse, injury and 

systemic disease, making IMAT simply an ‘innocent bystander.’ Here, we utilize novel mouse 

models to evaluate the direct effect of IMAT on muscle contraction. First, we utilize intramuscular 

glycerol injection in wild-type mice to evaluate IMAT in the absence of systemic disease. In this 

model we find that, in isolation from the neuromuscular and circulatory systems, there remains 

a muscle-intrinsic association between increased IMAT volume and decreased contractile tension 

(r2 > 0.5, P < 0.01) that cannot be explained by reduction in contractile material. Second, we 

utilize a lipodystrophic mouse model which cannot generate adipocytes to ‘rescue’ the deficits. We 

demonstrate that without IMAT infiltration, glycerol treatment does not reduce contractile force 

(P > 0.8). Taken together, this indicates that IMAT is not an inert feature of muscle pathology 
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but rather has a direct impact on muscle contraction. This finding suggests that novel strategies 

targeting IMAT may improve muscle strength and function in a number of populations.
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Introduction

An ectopic depot of adipose tissue develops in skeletal muscle in response to a variety of 

pathological conditions. These conditions encompass diverse aetiologies from orthopaedic 

injury (e.g. chronic rotator cuff tear, whiplash (Goutallier et al. 1994; Elliott et al. 2006)) to 

metabolic dysfunction (e.g. diabetes, renal disease (Goodpaster et al. 2003; Cheema et al. 

2010)) to decreased loading (e.g. inactivity, spaceflight (Leskinen et al. 2013; Burkhart et 

al. 2019)). While no single causative factor has emerged across these disparate conditions, 

studies consistently find a common result – increased intramuscular adipose tissue (IMAT) 

is associated with decreased muscle strength and functional performance (Goodpaster et al. 

2001; Gerber et al. 2007; Hilton et al. 2008; Buford et al. 2012; Tuttle et al. 2012; Khoja et 

al. 2018).

Logically, this is a predictable result. As non-contractile IMAT replaces an increasingly 

larger fraction of the muscle, contractile force will correspondingly decrease. However, 

evidence suggests that the role of IMAT in muscle contraction may be more complex 

than simple fatty replacement. Several clinical studies have found IMAT infiltration and 

decreased lean (IMAT-free) area to be de-coupled (Manini et al. 2007; Freda et al. 2008; 

Barry et al. 2013), suggesting that IMAT infiltration is not driven entirely by loss of 

contractile material. Furthermore, studies using detailed image segmentation to sub-divide 

IMAT and muscle ‘compartments’ have found that an association between IMAT quantity 

and strength persists per unit lean area (Manini et al. 2007; Delmonico et al. 2009; 

Marcus et al. 2013). These findings have led to speculation that IMAT could locally 

impair contraction in neighbouring myofibres. Hypothesized mechanisms include limiting 

neuromuscular activation (Yoshida et al. 2012), impeding muscle blood flow (Yim et al. 

2007) and local secretion of pro-inflammatory adipokines (Manini et al. 2007; Marcus et al. 

2010; Kelley & Goodpaster, 2015). However, in clinical studies these remain speculative as 

the injury, complex systemic disease and altered loading that drive IMAT infiltration also 

frequently affect neuromuscular performance, vascular perfusion and circulating levels of 

adipokines.

Animal studies are ideally poised to address such questions of mechanism; however, few 

have quantified both IMAT infiltration and muscle function. Of the studies that have 

noted an association between IMAT and decreased contractile force (Fukada et al. 2010; 

Meyer et al. 2011; Buras et al. 2019), all have been in chronic injury or disease models 

plagued by the same confounding factors as the aforementioned clinical studies. Recent 

work probing the mechanisms underlying IMAT development has avoided confounders 

associated with chronic injury and systemic disease by utilizing an intramuscular injection 
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of glycerol solution to induce IMAT infiltration with acute regeneration (reviewed in Mahdy 

(2018)). However, the functional consequences of persistent IMAT following resolution 

of regeneration have not been investigated. Thus, it remains unknown whether IMAT is 

associated with contractile deficits in the absence of injury and confounders of chronic and 

systemic disease and if so, if this relationship is causative.

In this work, we describe the relationship between IMAT and muscle contraction in 

a mouse model of glycerol injection. We utilize precision tools to quantify contractile 

performance and IMAT infiltration in the same muscles to determine salient predictive 

parameters. Finally, utilizing a constitutive transgenic lipodystrophic mouse model lacking 

all adipocytes, we investigate the causative role of IMAT in impaired muscle contraction. We 

hypothesize that IMAT directly impedes peak force production in muscle.

Methods

Ethical approval

All procedures were performed in accordance with the National Institutes of Health’s Guide 

for the Use and Care of Laboratory Animals and were approved by the Animal Studies 

Committee of the Washington University School of Medicine (IACUC 20170267). The 

investigators understand the ethical principles under which the journal operates and confirm 

that this work complies with the animal ethics checklist.

Experimental design

Experiments were performed on 11–14-week-old male and female C57BL/6J mice (Jackson 

Laboratory, Bar Harbor, ME) and lipodystrophic (LD) mice (generated as previously 

described by Wu et al. 2018). Briefly, LD mice were created by crossing adiponectin-Cre 

mice with homozygous lox-stop-lox-ROSA-diphtheria toxin A mice, both on the C57BL/6J 

background. Mice with both Cre and diphtheria toxin transgenes lack mature adipocytes of 

any kind. All mice were 22–40 g in weight, and allowed free cage activity and ad libitum 
access to food and water. C57BL/6J mice were housed in standard 22°C conditions while 

LD mice and littermate wild-type (WT) controls were housed in thermoneutrality at 30°C. 

All experimental mice had glycerol injections to the mid-belly of one extensor digitorum 

longus (EDL) muscle to induce regeneration with infiltration of IMAT. The contralateral 

EDL was either injected with saline or cardiotoxin. Glycerol and cardiotoxin both provoke 

muscle regeneration by inducing myofibre necrosis, but glycerol treatment is reported to 

result in greater IMAT deposition (Mahdy et al. 2015) and thus cardiotoxin treatment was 

included to control for the effects of regeneration alone. A total of 92 mice were used in this 

study with a group size of 6–8 as indicated per measure.

Intramuscular injection

Mice were continuously anaesthetized with 2% inhaled isoflurane at 2 l min−1. The depth 

of anaesthesia was assessed by toe pinch and ventilation rate. Hindlimbs were shaved 

and sterilized bilaterally with betadine. A 2–3 mm incision was made through the skin 

over the lateral aspect of each hindlimb exposing the distal-lateral quarter of the tibialis 

anterior muscle. The tibialis anterior was gently lifted to expose the belly of the EDL. 10 
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μl of either glycerol (50% v/v; Sigma Aldrich, St. Louis, MO), cardiotoxin (10 μM; Naja 
mossambica mossambica, Sigma Aldrich, St. Louis, MO) or sterile saline was then injected 

into the mid-belly of the EDL with a 29.5 gauge insulin syringe. Skin incisions were closed 

with suture glue and mice were given 5 mg kg−1 meloxicam via subcutaneous injection 

immediately following closure and again 24 h later for post-surgical analgesia. Mice were 

allowed free cage activity and were monitored daily for 72 h for signs of pain, distress and 

infection. No complications arose as a result of this procedure.

14 or 21 days following intramuscular injections, mice were again anaesthetized and the 

5th toe belly of the EDL muscle was dissected bilaterally for ex vivo contractile assessment 

as previously described in detail (Moorwood et al. 2013). Dissection was performed under 

anaesthesia to maintain viability of the muscles. During dissection, LD and littermate WT 

mice were inspected for the presence of epididymal and inguinal fat pads. All LD mice 

lacked these fat pads, consistent with their expected phenotype (Wu et al. 2018). Following 

this procedure, mice were killed under anaesthesia by cervical dislocation. A subset of 24 

mice underwent preparation of muscles for histological analysis only and were killed under 

anaesthesia by cervical dislocation prior to muscle collection.

Isolated muscle contractile assessment

Following dissection, muscles were transferred to a specialized small intact muscle 

stimulation system (1500A, Aurora Scientific, Aurora, ON, Canada) where physiology tests 

were run by a researcher blinded to the treatment condition. Within this system, the muscle 

was immersed in a bath of mammalian Ringer solution maintained at 37°C. The muscle was 

secured in the chamber using 6-0 black-braided silk suture to fix the origin and insertion to 

a stationary beam and a dual model ergonometer (300C-LR, Aurora Scientific, Aurora, ON, 

Canada), respectively. Muscle activation was controlled with an electrical stimulator (701C, 

Aurora Scientific, Aurora, ON, Canada) via parallel platinum plate electrodes extending 

along the muscle. Fibre length was measured using a dissecting microscope fitted with 

an eyepiece micrometre scale reticule. Muscle length was set when passive force just 

exceeded transducer noise (slack length). Optimal muscle length was then determined by 

incrementally increasing muscle length from slack by 10% of slack fibre length until the 

muscle isometric twitch force began to plateau, at which point length was further increased 

in increments of 5% slack length until isometric tetanic tension plateaued. At optimum 

length, force was recorded during a twitch contraction and isometric tetanic contraction 

(300 ms train of 0.3 ms pulses at 225 Hz). Fatigue was evaluated with repeated isometric 

tetanic contractions every 30 s until force dropped below 50% of peak. At this point, the 

muscle was cut from the sutures and weighed. This weight along with peak fibre length and 

muscle density (1.056 g/cm3) was used to calculate the physiological cross-sectional area 

(PCSA) of the muscle. Muscle PCSA was adjusted for the measured volume of IMAT to 

account for the area occupied by non-contractile adipocytes and was then used to convert 

raw force to specific force (tension). The experiment was synchronized and recorded by 

a custom LabView (National Instruments) acquisition program and analysed using Matlab 

(Mathworks).
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Five metrics of muscle contractile performance were quantified from this testing: 1) Peak 

twitch tension (Twitch Ten.) – peak of the force recording during the twitch contraction, 

normalized to adjusted PCSA; 2) Peak tetanic tension (Tetanic Ten.) – peak of the force 

recording during the tetanic contraction, normalized to adjusted PCSA; 3) Time to peak 

tension – the time between the initiation of force rise and peak during the twitch contraction; 

4) Half-relaxation time – half the time between force peak and return to baseline during the 

twitch contraction; 5) Time to fatigue – time for the tetanic tension to fall below 50% of the 

peak value during the fatigue test.

Permeabilized fibre contractile assessment

Following contractile assessment, a subset of muscles were placed in a 0.5% w/v solution 

of Brij 58 (Sigma Aldrich, St. Louis, MO) for permeabilization and isolated fibre contractile 

testing as previously described in detail (Roche et al. 2015). Briefly, muscles were agitated 

in Brij 58 for 30 m before being stored at −20°C in a glycerinated storage solution. On 

the day of testing, individual fibres were teased from muscles in a relaxing solution and 

mounted in a permeabilized fibre stimulation system (1400A; Aurora Scientific, Aurora, 

ON, Canada). Fibre ends were affixed with 10-0 nylon suture to a force transducer (403A; 

Aurora Scientific, Aurora, ON, Canada) and a high-speed length controller (315C-I/322C; 

Aurora Scientific, Aurora, ON, Canada). Fibre length was increased until sarcomere length 

reached 2.5 μm as measured by the real-time Fourier transform of the banding pattern of the 

fibre on an inverted light microscope. Fibre diameter was measured on the light microscope 

image in three places along the length of the fibre and regeneration state was determined 

by the presence or absence of a chain of centrally localized nuclei. The fibre was then 

transferred to a pre-activating solution weakly buffered for calcium-enabling rapid activation 

when the fibre was finally moved to a 50 mM calcium-containing activating solution. Force 

rise upon activation was recorded and the fibre returned to a relaxing solution. Unless the 

fibre tore or slipped during testing, all measures are the average of three activation trials. 

Peak tension was normalized to fibre cross-sectional area (CSA) calculated from the average 

of the fibre diameter measurements. Only regenerated fibres were included in the final 

analysis of glycerol-treated muscles. Permeabilized fibre normalized tension is reported for 

each muscle as the average of 6–12 individual fibre tests. Composition of all solutions and 

detailed instructions for their preparation can be found in Roche et al. (2015).

Quantification of intramuscular adipose tissue

Following contractile assessment, a subset of muscles were placed in a 1% solution of 

sodium dodecyl sulfate (SDS; Sigma Aldrich, St. Louis, MO) for decellularization and 

IMAT quantification as previously described in detail (Biltz & Meyer, 2017). Briefly, 

muscles were incubated in SDS for 24 h, fixed in 3.7% formaldehyde for 48 h and incubated 

with the lipid soluble dye BODIPY (0.05 mg ml−1 BODIPY 493/503; Life Technologies, 

Carlsbad, CA) for 20 min. BODIPY signal was imaged through the muscle volume on 

an Olympus FV1200 scanning confocal microscope and individual adipocyte regions of 

interest (ROI) analysed in a semi-automated segmentation process based in ImageJ (NIH, 

Bethesda, MD). Following confocal imaging, muscles were stained with Oil Red O (ORO; 

Sigma Aldrich, St. Louis, MO) for visualization of spatial IMAT distribution and lipid 

quantification via alcohol extraction. Muscles from lipodystrophic and littermate control 
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mice were only stained with ORO and lipid volume was predicted from the optical density 

of the alcohol-extracted solution as previously described (Biltz & Meyer, 2017).

Five metrics of IMAT were quantified from confocal imaging: 1) Total lipid volume (Lipid 

Vol.) – sum of individual ROI volumes; 2) Relative lipid volume (Red. Lipid Vol.) – total 

lipid volume divided by total muscle volume; 3) Total number of adipocytes (Adipo. Count) 

– the number of identified ROIs; 4) Average adipocyte volume (Avg. Adipo. Vol.) – the 

average volume of the ROIs; 5) Nearest neighbour index – the average nearest neighbour 

Euclidian distance for each ROI divided by the average nearest neighbour distance in a 

hypothetical random distribution.

Histological analyses

Muscles for histological analysis were embedded in gastrocnemius muscle and flash frozen 

in liquid nitrogen-cooled isopentane as previously described (Biltz & Meyer, 2017). Muscles 

were cut at the mid-belly in 10 μm axial sections on a cryostat (Leica Biosystems, Wetzlar, 

Germany). Sections were stained with haematoxylin and eosin (H&E) to visualize tissue 

morphology, Picrosirius red to quantify collagen accumulation, and immunostained against 

myosin heavy chain isoforms (type I, type IIa, type IIx, type IIb and embryonic; BA-F8, 

SC-71, 6H1 and BF-45, respectively, Developmental Studies Hybridoma Bank, Iowa City, 

IA) and against laminin (ab11575; Abcam, Cambridge, UK) to quantify fibre types and 

areas and against PDGFRα (AF1062; R&D Systems, Minneapolis, MN) to quantify fibro/

adipogenic progenitor cells (FAPs). The collagen area fraction was computed from one 

Picrosirius red stained 10× image that covered greater than 75% of the muscle CSA. Images 

were thresholded in ImageJ using the automated IsoData algorithm and the red-positive 

area was divided by the total area for an area fraction. Fibre types were identified on two 

non-overlapping 10× images that combined covered greater than 95% of the muscle CSA. 

Fibre counts for each type were divided by the total fibre number using a semi-automated 

ImageJ macro using the automated Huang threshold and particle analyser. Fibre areas were 

averaged from two non-overlapping laminin stained 20× images that combined covered 

greater than 75% of the muscle CSA. Fibre areas were detected with a custom ImageJ 

macro using the automated Huang threshold and particle analyser. Regions of interest with 

a circularity of less than 0.5 were excluded as being out of the axial plane of that fibre 

and only regenerated fibres, indicated by the presence of a centrally placed nucleus (Meyer, 

2018), were included in the final analysis of glycerol-treated muscles. FAPs were identified 

by co-localization of PDGFRα and DAPI in the interstitial space as previously described 

(Bryniarski & Meyer, 2019).

Statistical analyses

Group sizes were selected based on a power analysis using existing contractile data from 

C57BL/6J male mouse EDL muscles and permeabilized fibres to estimate experimental 

variance and an anticipated effect size of 0.25.

Grouped data were analysed by two-way analysis of variance (ANOVA), with paired 

measurements between legs within a mouse, with the exception of time course data 

which was analysed by three-way ANOVA to assess time × sex × treatment interactions. 
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Bonferroni and Sidak multiple comparison tests were used to compare individual groups 

within the two- and three-way ANOVAs, respectively. A stepwise multilinear regression 

model was used to model the ability of IMAT metrics to predict contractile metrics. Linear 

regressions were performed between sets of independent variables to evaluate individual 

predictive abilities. Analyses of co-variance were run to determine significant deviations 

in linear relationships between treatments. All statistical analyses were run with Graphpad 

Prism (San Diego, CA), with the exception of the multilinear regression models which were 

run with Matlab (Natick, MA). All reported and plotted data are means ± standard deviation.

Results

Glycerol injection induces IMAT infiltration and contractile deficits

Consistent with previous reports (Pisani et al. 2010; Mahdy et al. 2015), injection of glycerol 

resulted in significant increases in IMAT (Fig. 1). Total volume of IMAT lipid (Fig. 1B), 

volume relative to muscle volume (Fig. 1C) and total number of adipocytes (Fig. 1D) 

were significantly increased in glycerol-treated muscles compared with contralateral saline 

treatment (main effect of treatment P < 0.0005 by two-way ANOVA). Post-test analysis 

found significant increases in both males and females across all three measures. The average 

volume of individual adipocytes was not different between treatments or sexes (Fig. 1E). 

However, there was a main effect of treatment (P < 0.05) in adipocyte spatial clustering 

(nearest neighbour index) with significant increases in both males and females, indicating a 

generally more dispersed distribution of adipocytes following glycerol treatment. Overall, 

these data indicate glycerol treatment increases the quantity and dispersion of IMAT 

adipocytes in muscle.

In addition to IMAT infiltration, glycerol injection induces transient muscle regeneration 

with initial reductions in muscle mass, fibre size and contractile tension that recover over 

time (Mahdy et al. 2015). At 21 days post-injection, the PCSA of glycerol-treated muscles 

returned to control values in both sexes (Fig. 2A). However, peak tension in both twitch 

(Fig. 2B) and tetanic (Fig. 2C) contractions remained significantly depressed (main effect 

of treatment P < 0.005 by two-way ANOVA). Post-test analysis found significantly lower 

tension in both males and females. Importantly, the normalization of peak twitch and tetanic 

tensions is to an adjusted PCSA which subtracts the lipid volume from the total muscle 

volume, thus representing only contractile material. Thus, the deficit in tension cannot be 

explained by replacement of contractile material with IMAT. Measures of calcium handling 

(time to peak tension and half-relaxation time) were not different between treatments or 

sexes (Fig. 2D and E, respectively). Similarly, there was no difference in time to fatigue 

between treatments or sexes (Fig. 2F). Taken together, this suggests that glycerol treatment 

results in deficits in contractile force generation not originating in calcium-handling 

machinery (e.g. sarcoplasmic reticulum) or metabolic changes (e.g. fibre type).

A subset of glycerol-injected muscles was compared with contralateral cardiotoxin-injected 

muscles as both treatments induce regeneration, but glycerol is reported to result in 

significantly more IMAT infiltration (Mahdy et al. 2015). However, in our hands, there 

was no difference between glycerol and cardiotoxin treatments in any IMAT or contractile 

metric.
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IMAT infiltration is correlated with contractile tension deficits

To determine which, and to what degree, features of IMAT could explain contractile 

tension deficits, linear regression was performed pairwise between all metrics on the 

combined glycerol-injected dataset (those with saline and cardiotoxin-treated contralaterals). 

In male mice, the three measures of IMAT quantity (total IMAT lipid volume, relative lipid 

volume and total number of adipocytes) and average adipocyte volume were significantly 

negatively correlated with peak twitch and tetanic tensions (Fig. 3A). However, pairwise 

linear regression also indicated significant correlations between measures of IMAT quantity 

indicating that these are related variables. Thus, a stepwise regression was performed 

to determine the strongest independent predictor(s) of tension deficits. For both peak 

twitch and tetanic tension, total lipid volume was the only variable retained in the model, 

explaining 50% of the variance in twitch tension (Fig. 3B) and 85% of the variance in tetanic 

tension (Fig. 3C).

For female mice, peak twitch tension was not correlated with any IMAT measure, but peak 

tetanic tension and time to fatigue were significant negatively correlated with the three 

measures of IMAT quantity (Fig. 3D). Additionally, peak tetanic tension was significantly 

correlated with average adipocyte volume and time to fatigue was significantly correlated 

with the nearest neighbour index. Stepwise regression retained both total lipid volume and 

average adipocyte volume in the model as independent predictors to explain 90% of the 

variance in peak tetanic tension (Fig. 3E). The model for time to fatigue retained only total 

lipid volume, explaining a relatively modest 44% of the variance (Fig. 3F). Overall, this 

analysis indicates a strong correlation between the quantity of IMAT and peak contractile 

tension in male mice with a more complex relationship in female mice.

Interestingly, the linear relationships between peak tetanic tension and IMAT metrics 

identified by stepwise regression in glycerol-injected muscles were nearly identical to those 

in the cardiotoxin-injected muscles. Analysis of covariance (ANCOVA) found no significant 

differences in the regression lines fitting peak tetanic tension against total lipid volume in 

males (P > 0.9; GLY: −21588x + 303.65, CTX: −20738x + 297.46) or total lipid volume plus 

average adipocyte volume in females (P > 0.5; GLY: 1.00x + 375.0, CTX: 0.822x + 384.6). 

This suggests that the relationship between IMAT infiltration and contractile tension deficits 

is likely independent of the initiating toxin.

Glycerol-treated muscles exhibit fibrosis and reduced fibre cross-sectional area

Although we observed strong relationships between measures of IMAT infiltration and 

contractile function, these relationships are correlative. Other models of toxin-induced 

regeneration have noted associations between collagen deposition (fibrosis) and reduced 

fibre CSA and reduced contractile-specific tension (Mahdy et al. 2015). To address these 

confounding changes in our model, we assessed collagen content by Picrosirius red staining 

(Fig. 4A, centre column) and regenerated fibre area by laminin staining (Fig. 4A right 

column). We observed significantly increased collagen content at 21 days following glycerol 

treatment (main effect of treatment P < 0.0001 by two-way ANOVA). Post-test analysis 

found this increase to be significant for both males and females (Fig. 4B), suggesting 

a fibrotic response to glycerol treatment in both sexes. Regenerated fibre CSA was 

Biltz et al. Page 8

J Physiol. Author manuscript; available in PMC 2022 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significantly reduced at 21 days post-glycerol treatment in male muscle only (Fig. 4C). 

Two-way ANOVA found significant main effects of treatment (p = 0.03) and sex (p = 

0.0001) with no significant interaction. This suggests that regenerated fibres may remain 

in an immature state in glycerol-treated male muscle. We also investigated the possibility 

that glycerol treatment induces a fibre-type shift, specifically toward immature and slow 

isoforms of myosin heavy chain, which could impact contractile function. However, no 

significant difference between glycerol- and saline-treated muscles was observed in either 

sex (Fig. 4D and E).

Isolated fibres do not exhibit a contractile deficit at 21 days post-glycerol treatment

To further explore the intrinsic capacity for force production in regenerated fibres, we 

tested both intact muscles and permeabilized regenerated fibres at 14 and 21 days post-

glycerol treatment. If the contractile tension deficit in intact muscles was due to immature 

or disrupted sarcomeres in regenerated fibres, both muscles and fibres would exhibit a 

similar deficit in contraction. Peak tetanic tension of intact muscles is significantly reduced 

at both time points (Fig. 5A), although the deficit is smaller at day 21 than day 14 post-

treatment (main effect of treatment P<0.0001, treatment–time interaction P<0.05 by three-

way ANOVA). This reflects a partial recovery of contractile tension as muscle regeneration 

advances and sarcomere structure matures. In contrast, isolated permeabilized regenerated 

fibres only exhibit a significant contractile deficit at day 14 in male muscle (Fig. 5B). At 

day 21, both male and female glycerol-treated regenerated fibres have fully recovered peak 

tension (main effect of treatment P < 0.01, treatment–time interaction P < 0.05 by three-way 

ANOVA). Taken together, these data suggest that the deficit in peak tetanic tension in intact 

muscles at day 21 post-glycerol treatment is not due to the intrinsic structure of regenerated 

sarcomeres.

Glycerol-treated muscle from lipodystrophic mice exhibits neither IMAT infiltration nor 
contractile deficits

To further explore the causality of the relationship between IMAT infiltration and contractile 

function, we utilized male lipodystrophic (LD) mice which express diphtheria toxin under 

control of the adiponectin promoter and thus develop no adipocytes (Wu et al. 2018). 

Glycerol treatment to these muscles induced a similar increase in the undifferentiated 

FAP population (Fig 6A and B), but induced no IMAT infiltration (Fig. 6C and D). 

Interestingly, while WT littermate muscles again exhibited a significant deficit in peak 

tetanic tension with glycerol treatment, LD muscles did not (Fig. 6E). Two-way ANOVA 

found a significant treatment–genotype interaction in this measure (p=0.02), suggesting that 

the treatment affected the genotypes differently. Importantly, glycerol-treated LD muscles 

exhibit similarly increased collagen content (Fig. 6F centre column, Fig. 6G) and reduced 

fibre CSA (Fig. 6F right column, Fig. 6H) as WT littermates, with no treatment–genotype 

interactions by two-way ANOVA and exhibit no shift in fibre type distribution with glycerol 

treatment (Type 2b: SAL: 87.54 ± 4.43%, GLY: 88.31 ± 5.34%; Type 2x: SAL: 8.16 ± 

3.66%, GLY: 6.38 ± 2.59%; Type 2a: SAL: 4.02 ± 0.99%, GLY: 5.14 ± 4.13%; Type 1: SAL: 

0.28 ± 0.25%, GLY: 0.17 ± 0.32%). Taken together these data demonstrate a causal link 

between IMAT infiltration and contractile force deficits in glycerol-treated muscle.
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Discussion

In this study, we establish an independent and causal link between increased IMAT 

infiltration and deficits in muscle contraction. Utilizing an intramuscular glycerol injection 

model, we describe a significant deficit in peak tetanic tension in WT mice that is strongly 

associated with IMAT quantity and is absent in lipodystrophic (LD) mice with the same 

experimental treatment but no IMAT infiltration. This finding indicates that IMAT is not an 

inert player in muscle injury and disease, but instead has an independent impact on muscle 

contraction. The direct link between IMAT and muscle weakness shown here represents 

foundational information from which investigations into novel therapeutic strategies can be 

launched.

To our knowledge, this is the first study to de-couple the drivers of IMAT formation from 

the effects of IMAT itself. Numerous clinical studies (Goodpaster et al. 2001; Gerber et 

al. 2007; Hilton et al. 2008; Buford et al. 2012; Tuttle et al. 2012; Khoja et al. 2018) 

and a few animal investigations (Fukada et al. 2010; Meyer et al. 2011; Buras et al. 

2019) have documented correlations between IMAT quantity and muscle function, but 

these have all been in the context of chronic injury, systemic disease, altered loading or 

genetic myopathy that likely include direct effects on muscle contraction. In this study, 

we avoid most of these chronic confounders by employing local intramuscular glycerol 

injection which induces transient regeneration with IMAT deposition (Mahdy, 2018). While 

the early phases of regeneration are characterized by necrosis, inflammation and nascent 

muscle formation, these resolve after about 7 days and later stages primarily involve fibre 

hypertrophy (Lukjanenko et al. 2013; Mahdy et al. 2016). We chose to perform experiments 

at day 21 as it is the latest time point characterized in this model (Lukjanenko et al. 2013); 

however, our data suggest that fibre hypertrophy is not complete at this time point (Fig. 4C), 

despite recovery of muscle PCSA (Fig. 2A). If these smaller fibres lacked mature contractile 

properties, this could confound our findings as increased IMAT and immature fibres could 

be related to injection efficiency, rather than to each other. However, we find that isolated 

permeabilized fibres recover normal contractile tension by day 21 post-treatment (Fig. 

5B). Furthermore, LD mice that do not develop IMAT have similar reductions in fibre 

CSA without concurrent reduction in peak tetanic tension (Fig. 5C and F). Together these 

data suggest that fibres have fully recovered mature contractile machinery by day 21 post-

glycerol treatment despite ongoing hypertrophy.

Another confounding factor in the glycerol injection model is fibrosis. Fibrosis frequently 

accompanies IMAT infiltration in clinical conditions and animal models and is reported 

to be associated with deficits in muscle function (Valencia et al. 2017; Abramowitz et al. 

2018; Buras et al. 2019). Similar to previous reports (Mahdy et al. 2015) we find increased 

extracellular matrix in glycerol-treated muscle (Fig. 4B). However, interestingly, we find 

a similar fibrotic increase in treated LD muscle which exhibits no contractile deficit (Fig. 

5C and E), suggesting that this degree of fibrosis in the absence of IMAT infiltration is 

not sufficient to impair contraction. Though fibrosis has long been considered to negatively 

impact muscle contraction, our finding is in line with a handful of studies attempting to 

restore contractile function by resolving fibrosis, by a variety of mechanisms including 

inhibition of collagen gene expression and modulation of metalloproteases and TGF-β 
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signalling. The results of these studies have varied from partial improvement to worsened 

function (Huebner et al. 2008; Li et al. 2009; Gumucio et al. 2013). This may reflect the 

complex role of the extracellular matrix in muscle contraction, as it has both an important 

physiological function in force transmission and healing and a pathological role in the 

development of stiffness and contracture (Mann et al. 2011). It is possible that even at late 

stages of regeneration, increased collagen content is playing a physiological, rather than 

pathological, role – restoring structural integration and lateral force transmission.

We believe this work to also be the first report characterizing muscle regeneration in 

the absence of mature adipocytes. Two recent studies have used ablation models which 

drive diphtheria toxin under the control of other adipogenic regulatory genes (specifically 

peroxisome proliferator-activated receptor gamma (Pparg) and fatty acid binding protein-4 

(Fabp4)) (Liu et al. 2012; Dammone et al. 2018). However, these genes are also expressed in 

undifferentiated progenitors of the stromovascular fraction (Shan et al. 2013). The so-called 

FAPs resident in the stromovascular fraction of muscle are believed to play an important 

role in supporting muscle regeneration (Joe et al. 2010; Heredia et al. 2013). In line with 

these findings, ablation of Pparg- and Fabp4-expressing cells impairs regeneration (Liu 

et al. 2012; Dammone et al. 2018). In contrast, we find that ablation of cells expressing 

adiponectin, which is localized to mature adipocytes (Berry & Rodeheffer, 2013), spares 

the undifferentiated FAP population and does not grossly impair regeneration (Fig. 6). A 

limitation to this model is that LD muscle has some degree of dysfunction at baseline with 

approximately 23% lower fibre CSA and 17% lower peak tetanic tension. However, the 

normalized regenerative response appears very similar to littermate WT controls in terms of 

fibrotic area (WT: 49.2%, LDL: 49.0%) and fibre CSA (WT: −20.0%, LD: −20.5%), with 

the notable exception of full recovery of peak tetanic tension in regenerated LD muscle. 

Thus, mature adipocytes do not appear to be necessary to mount a robust regenerative 

response in this model system. While LD muscle does not develop IMAT, it does accumulate 

intramyocellular lipid (IMCL). Reports on the impact of IMCL on muscle contraction 

are mixed, with some reporting an association with contractile deficit and some reporting 

an association with improved performance – the so-called ‘athlete’s paradox’ (Li et al. 

2019). Qualitatively, LD EDL muscle exhibits only sporadic fibres with increased ORO-

positive IMCL droplets in both saline and glycerol treatments. However, further detailed 

investigation is needed to eliminate IMCL as a driver of reduced tetanic tension in LD EDL 

muscle.

A number of clinical investigations have noted or suggested sex differences in the functional 

consequences of IMAT accumulation (Goodpaster et al. 2001; Guglielmi et al. 2014; Ofori 

et al. 2019). Thus, we investigated whether the influence of IMAT on muscle contraction 

might be sex-specific. None of the measures of IMAT infiltration had a significant main 

effect of sex or a significant sex–treatment interaction by two-way ANOVA, suggesting 

that IMAT infiltration was similar between sexes (Fig. 1). Contractile measures were also 

similar between males and females with only adjusted PCSA exhibiting a main effect of 

sex by two-way ANOVA and no measures with a significant sex–treatment interaction 

(Fig. 2). However, despite these similarities, regression of IMAT metrics against contractile 

metrics showed interesting sex specificity with IMAT predicting peak twitch tension only 

in males and time to fatigue only in females (Fig. 3). The full recovery of fibre CSA at 
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day 21 post-treatment (Fig. 4C) and of isolated permeabilized fibre peak tension at day 

14 post-treatment (Fig. 5B) in females only suggests the possibility that females undergo 

a faster regenerative response in response to glycerol injection. Whether this or other 

global sex variations underlie the regression differences warrants further investigation. A 

limitation of the current study is that the link between IMAT and force deficits is explored 

in a predominantly fast-fibred muscle. Most clinical investigations are in mixed fibre type 

muscles and regional specificity of IMAT accumulation has been noted. Whether IMAT 

accumulation differs between predominately fast, mixed and slow muscles also warrants 

further investigation.

A causal link between IMAT and muscle strength deficits has been proposed in a number 

of studies (Manini et al. 2007; Yim et al. 2007; Marcus et al. 2010; Yoshida et al. 2012). 

Yoshida et al. proposed that IMAT around neuromuscular connections could impair the 

ability to activate muscle as IMAT was correlated with decreased central activation in 

older adults (Yoshida et al. 2012). Similarly, a few reports have suggested that IMAT 

around vessels could impede blood flow and oxygen delivery (Goodpaster et al. 2000; 

Yim et al. 2007). In this work, we are able to eliminate the effects of neuromuscular 

activation and blood-based oxygen delivery by measuring contraction ex vivo. In our testing 

paradigm, contraction is elicited through direct depolarization of muscle fibre membranes, 

circumventing the neuromuscular junction, and oxygen is delivered via diffusion in the bath 

of Ringer’s solution. As we still find significant associations between IMAT and muscle 

contraction (Fig. 3), it is unlikely that the mechanism lies in acute impedance of neural 

or vascular structures. We are unable to eliminate long-term adaptations to the muscle 

fibres in response to in vivo impairments in innervation or blood flow. Given that isolated 

permeabilized muscle fibres exhibit no contractile deficit at day 21 post-treatment (Fig. 5B), 

adaptations in the sarcomere structure are unlikely. However, we are unable to eliminate the 

possibility that fibres with impaired sarcomere organization were excluded from testing due 

to structural failure.

The prevailing hypothesis for a direct impact of IMAT on muscle contraction is local 

release of pro-inflammatory adipokines (Manini et al. 2007; Marcus et al. 2010; Kelley 

& Goodpaster, 2015). Generally, expansion of ectopic adipose tissue outside of the 

subcutaneous depot (e.g. visceral, IMAT) is associated with an elevated circulating pro-

inflammatory cytokine profile (Beasley et al. 2009). Further, in vitro studies demonstrate 

the capacity for adipokines to impact physiology at the level of the muscle cell (Takegahara 

et al. 2014) and our recent in vivo model confirms that adipokines can act on muscle at 

a local level via paracrine signalling (Bryniarski & Meyer, 2019). Intriguingly, both IMAT 

and the pro-inflammatory adipokine TNFα were found to be locally increased in the paretic 

leg of stroke survivors (Hafer-Macko et al. 2005), suggesting that the inflammatory milieu 

could be locally impacted by IMAT. TNFα has been shown to impair contractile force in 

isolated muscle fibres and fibre bundles (Hopkins, 1996; Reid et al. 2002). Importantly, this 

impairment persists during testing once the exposure had been removed and is not associated 

with altered calcium transients or overt catabolism (Reid et al. 2002). These findings align 

with the data presented here indicating no association of IMAT metrics with measures of 

calcium handling (Fig. 3) and no functional deficits in isolated permeabilized fibres at day 

21 post-treatment (Fig. 5B). Further studies are needed to determine whether local secretion 
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of pro-inflammatory adipokines such as TNFα or another yet to be defined mechanism 

underlies the impairment of contractile function, but our work here, identifying a direct link 

with IMAT, is a positive step toward developing targeted therapies to improve strength and 

quality of life in the context of IMAT infiltration in a wide array of populations.
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Key points

• Muscle infiltration with adipose tissue (IMAT) is common and associated 

with loss of skeletal muscle strength and physical function across a diverse set 

of pathologies.

• Whether the association between IMAT and muscle weakness is causative or 

simply correlative remains an open question that needs to be addressed to 

effectively guide muscle strengthening interventions in people with increased 

IMAT.

• In the present studies, we demonstrate that IMAT deposition causes decreased 

muscle strength using mouse models.

• These findings indicate IMAT is a novel therapeutic target for muscle 

dysfunction.
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Figure 1. Intramuscular glycerol injection induces IMAT infiltration at 21 days post-treatment
A, Oil Red O staining of decellularized EDL muscle treated with saline (SAL) and 

glycerol (GLY) depicting increased quantity and dispersion of IMAT adipocytes (red) 

following glycerol treatment. B–F, quantification of IMAT infiltration metrics by confocal 

analysis as a function of treatment (S: saline, G: glycerol) and sex. Quantification confirms 

increased total and relative lipid volumes, total adipocyte count and nearest neighbour index 

(dispersion) with glycerol treatment in both sexes. N = 6, *P < 0.05, **P < 0.01, ***P < 

0.005 by Bonferroni post-test on two-way ANOVA.
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Figure 2. Intramuscular glycerol injection causes reductions in peak contractile tension at 21 
days post-treatment
A, EDL physiological cross-sectional area (PCSA), adjusted for the quantity of IMAT, is not 

different between treatment groups (S: saline, G: glycerol). B–C, peak tension (normalized 

to adjusted PCSA) is reduced with glycerol treatment in both twitch and tetanic contractions 

in both sexes. D–E, measures of calcium handling – time to peak tension and half-relaxation 

time – are not affected by glycerol treatment. F, time to fatigue is not affected by glycerol 

treatment. N = 6; *P < 0.05, **P < 0.01 by Bonferroni post-test on two-way ANOVA.
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Figure 3. IMAT metrics are correlated with contractile deficits in male and female EDL muscles
A and D, pairwise regression matrices for male and female mice, respectively. The strength 

of individual correlations is indicated by the circle size and colour in each box with red 

and blue shades indicating positive and negative correlations, respectively. Internal asterisks 

denote significant relationships. B–C, linear regressions of peak twitch and tetanic tensions 

against lipid volume in male mice. Lipid volume was the strongest linear predictor of both 

tensions by stepwise multilinear regression. E, linear regression of peak tetanic tension 

against a linear combination of lipid volume and average adipocyte volume in female 

mice. Lipid volume and average adipocyte volume in linear combination were the strongest 

predictors of peak tetanic tension by stepwise multilinear regression. F, linear regressions 

of time to fatigue against lipid volume in female mice. Lipid volume was the strongest 

predictor of time to fatigue by stepwise multilinear regression. N = 12.
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Figure 4. Intramuscular glycerol injection increases collagen content and decreases fibre area at 
21 days post-treatment
A, representative images of saline- (SAL) and glycerol (GLY)-treated EDL sections stained 

with haematoxylin & eosin (H&E) to visualize tissue morphology, Picrosirius red to 

visualize collagen (red) and laminin to visualize fibre areas (red-rimmed areas). Note 

the appearance of intramuscular adipocytes (unstained areas) and centrally placed nuclei 

(blue in fibre centres) in GLY-treated muscles. B, quantification of Picrosirius red staining 

indicates increased collagen deposition with glycerol treatment (S: saline, G: glycerol) in 

both sexes. C, quantification of fibre cross-sectional area (CSA) on laminin-stained sections 

indicates decreased fibre CSA in glycerol-treated male muscle only. D, representative 

images of myosin heavy chain (MHC) isoform immunostaining to identify fibre types. E, 

quantification of MHC isoform distribution in stained sections reveals no significant shifts in 

fibre type distributions with glycerol treatment. N = 6; *P < 0.05, **P < 0.01, ***P < 0.005 

by Bonferroni post-test on two-way ANOVA.
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Figure 5. Intact muscles exhibit a residual contractile tension deficit at day 21 post-treatment 
while permeabilized fibres do not
A, peak tetanic tension measured in isolated EDL muscles at day 14 (D14) and day 21 

(D21) post-treatment (S: saline, G: glycerol) in male and female mice. Glycerol injection 

reduces peak tetanic tension at both time points in both sexes. B, peak tension measured in 

permeabilized fibres isolated from muscles in the indicated groups in A. Glycerol injection 

reduces peak tension only in male mice and only at day 14. Full recovery of tension is seen 

in both sexes at day 21. N = 8; **P < 0.01, ***P < 0.005, ****P < 0.001 by Sidak post-test 

on three-way ANOVA.

Biltz et al. Page 22

J Physiol. Author manuscript; available in PMC 2022 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Lipodystrophic muscle develops neither IMAT nor a contractile deficit at day 21 
post-glycerol treatment
A, representative images of PDGFRα immunostaining identifying fibro/adipogenic 

progeitors (FAPs). B, quantification of FAPs per unit area indicates an increase with glycerol 

(G) treatment compared with saline (S) in both wildtype (WT) and lipodystrophic (LD) 

genotypes. C, Oil Red O staining of decellularized male glycerol-treated EDL depicting 

absence of IMAT in lipodystrophic (LD) muscle compared with littermate wildtype (WT) 

controls. D, predicted lipid volume from Oil Red O extraction indicates a significant 

increase with glycerol treatment (S: saline, G: glycerol) in WT mice only. E, peak tetanic 

tension is significantly reduced with glycerol treatment in WT mice only. F, representative 

images of WT and LD glycerol-treated EDL sections stained with haematoxylin & eosin 

(H&E) to visualize tissue morphology, Picrosirius red to visualize collagen (red) and 

laminin to visualize fibre areas (red-rimmed areas). Note the appearance of intramuscular 

adipocytes (unstained areas) in WT only but centrally placed nuclei (blue in fibre centres) in 

both genotypes. G, quantification of Picrosirius red staining indicates increased collagen 

deposition with glycerol treatment in both genotypes. H, quantification of fibre cross-

sectional area (CSA) on laminin-stained sections indicates decreased fibre CSA with 
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glycerol treatment in both genotypes. N = 6; *P < 0.05, **P < 0.01 by Bonferroni post-test 

on two-way ANOVA.
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