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Abstract 26 

This study compared the effects of moderate-intensity endurance training and high-intensity interval 27 

training on fiber type-specific subcellular volumetric content and morphology of lipid droplets and 28 

mitochondria in skeletal muscles of type 2 diabetic patients. Sixteen sedentary type 2 diabetic 29 

patients (57±7 years old) were randomized to complete 11 weeks of either 40-min cycling at 50% 30 

peak workload (Endurance, n = 8) or 10 1-min cycling intervals at 95% peak workload separated by 31 

1 min of recovery (High-intensity Interval, n = 8), 3 times per week. Assessments for 32 

cardiorespiratory fitness, body composition, glycemic control, together with muscle biopsies were 33 

performed before and after the intervention. Morphometric analyses of lipid droplets and 34 

mitochondria were conducted in the subcellular fractions of biopsied muscle fibers using 35 

quantitative electron microscopy. The training intervention increased cardiorespiratory fitness, 36 

lowered fat mass and improved non-fasting glycemic control (P < 0.05), with no difference between 37 

training modalities. In the subsarcolemmal space, training decreased lipid droplet volume (P = 38 

0.003), and high-intensity interval, but not endurance training, reduced the size of lipid droplets, 39 

specifically in type 2 fibers (P < 0.001). No training-induced change in intermyofibrillar lipid 40 

droplets was observed in both fiber types. Subsarcolemmal mitochondrial volume was increased by 41 

high-intensity interval (P = 0.02), but not endurance training (P = 0.79). Along with improvement 42 

in glycemic control, low volume high-intensity interval training is an alternative time-saving 43 

training modality that affects subcellular morphology and volumetric content of lipid droplets in 44 

skeletal muscle of type 2 diabetic patients. 45 

 46 

 47 

Keywords: lipid droplets, mitochondria, skeletal muscle, stereology, insulin sensitivity 48 

  49 

Downloaded from www.physiology.org/journal/ajpendo by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on July 29, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



3 
 

Introduction 50 

Limited adipose tissue expandability and subsequent ectopic fat accumulation leads to lipotoxicity 51 

in insulin target tissues and associated complications (reviewed in (6, 46)). Overweight/obese 52 

individuals and type 2 diabetic patients are well-documented to exhibit elevated levels of fat around 53 

the heart and pancreas and infiltrated fat in the liver and skeletal muscle (inter- and intramyocellular 54 

lipids) (reviewed in (32)). Although multiple studies have reported that elevated intramyocellular 55 

lipid content is positively associated with skeletal muscle insulin resistance, this proposed 56 

relationship is inconclusive as neither has causality been demonstrated (30, 44), nor does it extend 57 

to well-trained individuals (21, 35). With no direct link between intramyocellular lipid content per 58 

se and insulin sensitivity, subsequent investigations linking levels of lipid intermediates (e.g. 59 

diacylglycerols, ceramides) and muscle insulin resistance have produced mixed results (1, 51). 60 

However, recent studies have reported that diacylglycerols and ceramides located at or close to 61 

membranes which include the sarcolemma, and not in the cytosolic space, are associated to muscle 62 

insulin resistance (4, 11). This indicates that the link with insulin sensitivity depends on specific 63 

subcellular localizations of intramyocellular lipids. 64 

 65 

Intramyocellular lipids exist as cytosolic lipid droplets (LDs), composed predominantly of a 66 

triacylglycerol core with phospholipid monolayer, which have a key role in fatty acid trafficking 67 

(19). Under the transmission electron microscope, LDs are observed in two distinct subcellular 68 

pools in skeletal muscle fibers – one beneath the sarcolemma (subsarcolemmal) and the other 69 

between myofibrils (intermyofibrillar) (42) (see Fig. 1). Our previous study demonstrated that 70 

individuals with lower insulin sensitivity, as compared to body mass index (BMI)-matched controls 71 

and well-trained athletes, have more lipid droplets in the subsarcolemmal region but not in the 72 

intermyofibrillar region of skeletal muscle fibers (42). Furthermore, accumulating evidence 73 

indicates that the size of individual LDs could be more closely linked to insulin sensitivity than total 74 

intramyocellular lipid content (13, 22, 41).Taken together, these findings underscore the important 75 

roles of subcellular localizations and LD size in the relationship between intramyocellular lipids and 76 

muscle insulin sensitivity. 77 

 78 

It is well-known that type 1 skeletal muscle fibers in general are more oxidative than type 2 fibers, 79 

and this may influence the distribution and size of LDs. Indeed, it has been demonstrated that type 1 80 

fibers contain more LDs than type 2 fibers (28, 35, 37) and more recently, the accumulation of LDs 81 
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in type 1 fibers was associated with declining insulin sensitivity during acute lipid infusion in 82 

humans (10). Moreover, glucose uptake capacity and response of metabolic signaling proteins to 83 

exercise were observed to be different between fiber types in humans (2, 29). In addition, muscle 84 

tissue is heterogeneous in fiber type distribution which likely has contributed to the diverse results 85 

observed from experiments using whole-muscle analyses. Together, these findings warrant studies 86 

to take a fiber type-specific approach in investigating lipid metabolism and insulin sensitivity in 87 

skeletal muscle in different physiological conditions. 88 

Both acute and long-term adaptations to exercise training are well-established means to improve 89 

insulin sensitivity and glycemic control (12), often coinciding with re-partitioning of 90 

intramyocellular lipids and mitochondrial function enhancement (16, 17). However, as most of the 91 

exercise training studies have used moderate-intensity endurance training (END) which recruits 92 

predominantly type 1 fibers, high-intensity interval training (HIIT), involving a higher exercise 93 

intensity, will recruit type 2 fibers in addition to type 1 fibers (56, 57), and thereby engage a larger 94 

portion of the whole muscle. This may be particularly important in individuals with type 2 diabetes 95 

since they have been observed to possess a greater proportion of type 2 fibers than the non-diabetic 96 

population (2, 43). Furthermore, HIIT has been demonstrated to improve cardiorespiratory fitness 97 

and lower adipose mass across different populations (reviewed in (60)), elevate mitochondrial 98 

content (36, 62) and improve insulin sensitivity (52). However, very little is known about the effects 99 

of HIIT on subcellular distribution of LDs. 100 

This study aimed to compare the effects of END and HIIT on fiber type-specific subcellular 101 

distribution and size of LDs in skeletal muscles of type 2 diabetic patients. We hypothesized that 102 

volumetric content of LDs will be lowered by training via a reduction in LD size; with greater 103 

adaptations in type 2 fibers following HIIT. 104 

 105 

  106 

Downloaded from www.physiology.org/journal/ajpendo by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on July 29, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



5 
 

Methods 107 

Ethical approval 108 

The study was approved by the Ethics Committee of the Capital Region of Denmark (H-2-2011-070) 109 

and was conducted in accordance with the principles of the Declaration of Helsinki. All participants 110 

gave their signed informed consent at the start of the study. 111 

Participants 112 

This study is part of a larger randomized controlled trial (NCT02001766) reported in a companion 113 

paper (61). All participants completed a standardized medical examination, including blood 114 

chemistry analysis, resting 12-lead electrocardiogram and oral glucose tolerance test (OGTT) before 115 

inclusion. Exclusion criteria included use of exogenous insulin, smoking, unstable weight (> 5 kg 116 

change) in the past 6 months, evidence of renal, liver or cardiovascular disease, and 117 

contraindication for physical training. Sixteen out of 29 participants from the larger study, whose 118 

muscle biopsies were available for electron microscopy analysis, were included in this study. They 119 

were randomized into the Endurance Training (END, n = 8, 4 males, 4 females) and the High-120 

Intensity Interval Training (HIIT, n = 8, 5 males, 3 females) groups.  121 

Experimental protocol 122 

Two experimental days (A and B), separated by 48 h, were conducted before (Pre) and repeated 123 

after (Post) the exercise training interventions. Experimental Day A was conducted at least 48 h 124 

after the last training session. Participants were instructed to refrain from alcohol and caffeine 125 

consumption for 24 h prior to any experimental day. They were also instructed to avoid physically-126 

demanding activity (e.g. bicycle commuting, gardening) for 24 h before Day A and to refrain from 127 

taking their anti-diabetic medications on all experimental days. 128 

On Day A, body mass was measured on a digital scale and body fat was assessed by Dual-energy 129 

X-ray Absorptiometry. After 15 minutes of supine resting, blood pressure was recorded and 130 

baseline blood samples were drawn for determination of plasma glucose, HbA1c, lipids, C-peptide 131 

and serum insulin levels. Subsequently, an OGTT (75 g glucose in 300 ml water) was conducted 132 

with blood sampling at T = 0, 10, 20, 30, 60, 90, 120 min. Insulin resistance was represented with 133 

one of the insulin sensitivity indices – Matsuda index which reflects whole body insulin sensitivity 134 

and is calculated from fasting and mean plasma insulin and glucose values during the OGTT (39). 135 
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 136 

𝑀𝑎𝑡𝑠𝑢𝑑𝑎 𝑖𝑛𝑑𝑒𝑥 =
10000

√(𝑓𝑎𝑠𝑡𝑖𝑛𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑓𝑎𝑠𝑡𝑖𝑛𝑔 𝑖𝑛𝑠𝑢𝑙𝑖𝑛) ∗ (𝑚𝑒𝑎𝑛 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑚𝑒𝑎𝑛 𝑖𝑛𝑠𝑢𝑙𝑖𝑛)
 

 137 

Assessments of cardiorespiratory fitness (peak oxygen consumption, V̇O2peak), peak workload (peak 138 

watt, Wpeak) and heart rate with an incremental cycling protocol were performed last.  139 

On Day B, a resting muscle biopsy was taken before the conduct of additional assessment of 140 

glycemic control (mixed meal tolerance test) which was reported in the main randomized controlled 141 

trial but not in this study. At the end of Day B, a 4-day continuous glucose monitoring (CGM) 142 

protocol and dietary recording were started. 143 

Training interventions 144 

Over 11 weeks, all participants trained 3 times per week on cycle ergometers, with the END group 145 

exercised for 40 min at a constant intensity of 50% Wpeak while the HIIT group exercised for 20 min, 146 

alternating between 95% Wpeak and 20% Wpeak at 1 min each. Heart rate was monitored at every 147 

training session (warm-up and exercise period) and exercise energy expenditure was calculated 148 

based on prescribed work load and American College of Sports Medicine’s equations (20). Peak 149 

workload was re-assessed after 4 and 8 weeks of training to maintain relative workload during the 150 

intervention period.  151 

Muscle biopsies 152 

Skeletal muscle biopsies were taken from m. vastus lateralis using a modified Bergström needle 153 

with suction under local anesthesia (2% lidocaine). Biopsied specimens were dissected free of 154 

adipose tissue and blood before partitioning into multiple portions; one portion was fixed with a 6.5% 155 

(v/v) glutaraldehyde solution with 0.1 mol/l sodium cacodylate-HCl buffer (pH 7.4) for 156 

transmission electron microscopy, another portion was freeze-dried for Western blot. 157 

Western blot procedure 158 

Freeze-dried muscle tissue samples were homogenized in lysis buffer (10% glycerol, 20 mM 159 

sodium-pyrophosphate, 150 mM NaCl, 50 mM HEPES, 1% Nonidet P-40, 20 mM β-160 

glycerophosphate, 10 mM NaF, 2 mM PMSF, 1 mM each EDTA and EGTA, 10 μg/ml each 161 
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aprotinin and leupeptin and 3 mM benzamidine) two times for 30 s (Qiagen Tissuelyser II, Qiagen 162 

GmbH, Germany). After rotation end over end for 1 h, the samples were centrifuged for 30 min at 163 

17,500 g at 4°C, and the lysate was collected as the supernatant. Protein concentrations were 164 

determined in the lysates (assayed in triplicates) using BSA standards (Pierce Reagents, Thermo 165 

Fisher Scientific, MA, USA). The lysates were diluted to appropriate protein concentrations (2 µg 166 

µl
-1

) in a ×6 sample buffer (0.5 M Tris-base, DTT, SDS, glycerol, and bromphenol blue), and equal 167 

amount of total protein were loaded for each sample in different wells on pre-casted gels (Bio-Rad 168 

Laboratories, CA, USA). After gel electrophoresis, the proteins were transferred to a polyvinylidene 169 

difluoride membrane, which was incubated with primary antibody (total OXPHOS, 1:1500, 170 

ab110411, Abcam, UK) overnight, and the secondary horseradish peroxidase (HRP)-conjugated 171 

antibody (P-0447, Dako, Denmark) 1:5000 in 2/5% non-fat milk or 3% BSA. The membrane 172 

staining was visualized by incubation with a chemiluminescent HRP substrate (Millipore) and the 173 

image was digitalized on a ChemiDoc MP system (Bio Rad Laboratories, CA, USA). The 174 

OXPHOS proteins were normalized to their protein content determined by quantification of each 175 

sample on stain free gels (Criterion TGX Stain-Free pre cast gels (BioRad Laboratories, CA, USA).   176 

 177 

Transmission electron microscopy 178 

Chemically-fixed muscle biopsy specimens were divided into 2 - 3 pieces (~ 0.5 mm
3
 each) before 179 

post-fixing with 1% (w/v) osmium tetroxide (OsO4), followed by embedding in Epon 812.  180 

Ultra-thin (60 nm) sections (using a Leica Ultracut UCT ultramicrotome) were made at three depths 181 

separated by 150 μm, in order to sample more muscle fibers for imaging. We contrasted the sections 182 

with uranyl acetate and lead citrate before examination and capture of electron micrographs in a 183 

pre-calibrated JEOL-1400plus transmission electron microscope (JEOL Ltd., Japan) with a CCD 184 

camera (Quemesa, EMSIS GmbH, Germany). Thirty electron micrographs were obtained at × 6 000 185 

magnification in a systematic random order, including 18 from the subsarcolemmal region, 6 from 186 

the superficial region and 6 from the central region of the myofibrillar space in each fiber. Each 187 

electron micrograph covers an area of 9.6 µm by 6.4 µm, which is the minimum interval between 188 

micrographs. This protocol was based on the minimum area and length of interest required to 189 

maximize the precision of our stereological estimates (41). 190 

Estimation of volume fraction, size and number of lipid droplets and mitochondria 191 
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Prior to estimating the lipid droplet and subsarcolemmal mitochondria volume fractions, muscle 192 

fibers (8 – 10 per biopsy) were categorized as type 1 or 2, based on a distinct differentiation in 193 

terms of intermyofibrillar mitochondrial volume fraction and Z-line width, which was shown to 194 

relate to myofibrillar ATPase properties (50). The fibers with the highest intermyofibrillar 195 

mitochondrial volume fraction and thickest Z-line width were categorized as type 1 fibers and vice 196 

versa for type 2 fibers (n = 2 - 3 fibers of each type per biopsy). 197 

Point-counting for the estimation of volume fractions of mitochondria and LDs identified in 198 

electron micrographs were performed with reference to stereological principles (59). Identification 199 

of mitochondria in micrographs was based on previous reported work on mammalian skeletal 200 

muscles (25). Our criteria for identifying LDs included having a circular white-greyish appearance 201 

with a fuzzy border (absence of distinct membrane) and a minimum diameter of 200 nm. We 202 

included LDs that may have membrane-like structures or irregular partitioning of areas with low 203 

(cholesterol esters) or high (triacylglycerol) electron density within the droplets (19).   204 

A point grid (180 nm grid size) was overlaid onto each micrograph, generating a total of 1768 205 

points per micrograph for point-counting. Two subcellular localizations of LD and mitochondria 206 

volume fractions were defined: (i) intermyofibrillar volume fraction and (ii) subsarcolemmal 207 

volume fraction. The volume fractions of intermyofibrillar LDs and mitochondria per myofibrillar 208 

volume were estimated by point-counting micrographs from the superficial and central regions of 209 

the myofibrillar space. Muscle fibers are assumed to have a cylindrical shape. As the superficial 210 

region of a cylinder occupies 3 times more volume than the central region, volume estimates from 211 

the superficial myofibrillar space were weighted 3 times more than those from the central 212 

myofibrillar space. 213 

The volume fraction of subsarcolemmal LDs and mitochondria per fiber surface area was estimated 214 

by point-counting micrographs from the subsarcolemmal region. We measured the fiber length at 215 

the base of the subsarcolemmal region seen in the 18 micrographs. Fiber surface area was calculated 216 

as the length of the subsarcolemmal region (directly measured) multiplied by the thickness of the 217 

ultrathin section (60 nm). 218 

The volume fractions of total LDs and total mitochondria were computed by adding 219 

intermyofibrillar and subsarcolemmal volume fractions per myofibrillar space. The subsarcolemmal 220 

volume fraction per myofibrillar space was converted from the subsarcolemmal volume fraction per 221 
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fiber surface area by dividing the subsarcolemmal volume fraction per fiber surface area by a factor 222 

of 20 which was derived geometrically based on the assumption that muscle fibers are cylindrical in 223 

shape with a diameter of 80 µm. The relative distribution of subcellular lipid droplet volume 224 

fractions was calculated after the volume fraction of total lipid droplets was obtained. 225 

Lipid droplet size was estimated by measuring and averaging the largest and smallest caliper 226 

diameters of each LD. Each LD size value was also labeled as either in contact or not in contact 227 

with neighboring mitochondria according to the following criteria. Lipid droplet-mitochondria 228 

contact, represented by percentage of lipid droplets in contact with surrounding mitochondria, was 229 

estimated by counting the number of lipid droplets located next (< 15 nm) to surrounding 230 

mitochondria, out of the total number of whole lipid droplets observable in each electron 231 

micrograph.   232 

Number of LDs was derived from calculation: dividing the volume fraction of subcellular LDs by 233 

the mean individual droplet volume of the respective subcellular localization. Assuming that an 234 

individual LD is a sphere, the mean individual droplet volume was calculated using the formula: 235 

𝑉 =
4

3
𝜋𝑟3 , where r was the radius based on the average of the largest and smallest caliper 236 

diameters of each LD. 237 

Assuming an even (50:50) fiber type composition of each biopsy, the fiber type-weighted volume 238 

fractions, size and numbers of LDs were computed by averaging values from type 1 and type 2 239 

fibers for each biopsy. This was done prior to the analysis of association between the Matsuda index 240 

and the fiber type-weighted LD variables. 241 

The precision of stereological estimates, represented by the estimated coefficient of error (estCE), 242 

for the subcellular lipid droplet and mitochondrial volume fractions was calculated as proposed by 243 

Howard & Reed (26). 244 

𝐶𝐸 (
Σ𝑦

Σ𝑥
) = √

𝑛

𝑛 − 1
(

Σ𝑥2

Σ𝑥 ∗ Σ𝑥
+

Σ𝑦2

Σ𝑦 ∗ Σ𝑦
−

2 ∗ Σ(𝑥 ∗ 𝑦)

Σ𝑥 ∗ Σ𝑦
) 

For each estimate, n is the number of micrographs, x is the total points per micrograph (1768 245 

points), y is the points hitting object of interest. 246 
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A total of 5448 electron micrographs from 186 muscle fibers (91 Pre, 95 Post) were analyzed in this 247 

study. The median (IQR) estCE for the volume fractions of subsarcolemmal lipid droplets was 0.25 248 

(0.23 - 0.27) at Pre, 0.28 (0.26 - 0.31) at Post, and for the intermyofibrillar lipid droplets it was 0.24 249 

(0.17 - 0.31) at Pre, 0.25 (0.18 - 0.32) at Post. The median (IQR) estCE for the volume fractions of 250 

subsarcolemmal mitochondria was 0.17 (0.16 - 0.19) at Pre, 0.15 (0.13 - 0.17) at Post, and for the 251 

intermyofibrillar mitochondria it was 0.08 (0.07 - 0.10) at Pre, 0.08 (0.08 - 0.09) at Post. 252 

Point-counting of LDs and mitochondria was conducted by two blinded investigators, where the 253 

electron micrographs from different time points, fiber types and training groups were distributed 254 

equally between the investigators. The intraclass correlation coefficient was > 0.92 for inter-255 

investigator and > 0.82 for intra-investigator analyses. 256 

Point-counting, caliper diameter measurement and image analysis was conducted with a 257 

commercial transmission electron microscopy imaging software, iTEM (EMSIS GmbH, Germany). 258 

Statistical analysis 259 

Quantitative electron microscopy analyses were conducted with each observation based on 260 

estimates from 2 - 3 fibers. All interactions or main effects were tested using a linear mixed-effects 261 

model with participants as random effect and with time, training group, fiber type as fixed effects. 262 

Variables with skewed distributions were transformed before analysis. The assumption of normal 263 

distribution of data was tested by the Shapiro-Wilk test, and the assumption of heteroscedasticity 264 

was tested by the Breusch-Pagan / Cook-Weisberg test. Interactions or main effects were tested by 265 

Wald Chi-squared test. Associations between variables were evaluated using Pearson's correlation 266 

coefficient. Significance level was set at α = 0.05. Power analysis showed that 8 subjects in each 267 

group will result in 80% power to detect a 22% difference in subsarcolemmal droplet diameter 268 

between pre and post the different training interventions. This calculation was based on our 269 

previous study showing a mean (SD) 555 (122) nm diameter of subsarcolemmal lipid droplets (40). 270 

Statistical analyses were performed using Stata 15 (StataCorp LP, Texas, USA) and Prism 6 271 

(GraphPad Software Inc., California, USA). 272 

273 
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Results 274 

Training variables and energy intake 275 

Participants in the HIIT group trained at a higher intensity (82 vs 77 % peak heart rate, P = 0.03) in 276 

shorter sessions (25.1 vs 45.3 min, P < 0.0001) (Table 1) as compared to the END group. All 277 

participants maintained their energy intakes from pre- to post intervention (Table 1). 278 

Subject characteristics 279 

Training lowered body mass (P = 0.01) by reducing fat mass (P = 0.01) and improved measures of 280 

non-fasting glycemic control (P ≤ 0.02), with no difference between training modalities (P > 0.05) 281 

(Table 2). HIIT tended to increase relative V̇O2peak more than END (P = 0.08) with a 21% increase 282 

following HIIT (P < 0.001) and a 9% increase following END (P = 0.04) (Table 2).    283 

Sex differences in volumetric content and morphology of LDs and mitochondria at baseline (Pre) 284 

There were in total 9 male and 7 female type 2 diabetic patients in the 2 training groups. The female 285 

participants were found to have higher mean (SD) percent body fat than the male participants (41.3 286 

(2.9) % females vs 29.0 (4.5) % males, P < 0.0001). There were no sex differences in the relative 287 

V̇O2peak or the various measures of glycemic control at baseline. 288 

There was no difference between sexes in the volume fractions of subsarcolemmal LDs and 289 

intermyofibrillar LDs and mitochondria. However, there was a tendency for a sex x fiber type 290 

interaction (P = 0.08) in the volume fraction of subsarcolemmal mitochondria whereby geometric 291 

means were 1.5 times higher in males than females in type 1 fibers (males vs. females: 197.9 vs. 292 

130.5 µm
3
 µm

-2
 fiber area · 10

3
, P = 0.04) but not in type 2 fibers (males vs. females: 75.0 vs. 66.9 293 

µm
3
 µm

-2
 fiber area · 10

3
,
 
P = 0.56). Furthermore, there was an interaction between sex and fiber 294 

type in the relative distribution of subcellular mitochondria (P = 0.006). The mean (SD) percentage 295 

contribution of subsarcolemmal mitochondrial to total mitochondrial volume fraction was higher in 296 

type 1 than in type 2 fibers (15 (4) type 1 vs. 12 (4) type 2, P = 0.001) in males, but this was not 297 

observed in females (11 (4) type 1 vs. 11 (3) type 2, P = 0.66). In addition, it was also higher in 298 

males than in females (15 (4) male vs. 11 (4) female, P = 0.03) in type 1 but not type 2 fibers (12 299 

(4) male vs. 11 (3) female, P = 0.88).  300 

Fiber type differences in volumetric content and morphology of LDs and mitochondria 301 

Downloaded from www.physiology.org/journal/ajpendo by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on July 29, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



12 
 

Regarding volume fractions of LDs (Table 3), no fiber type difference was observed in the 302 

subsarcolemmal region (P = 0.52). However, in the intermyofibrillar region the volume fraction of 303 

LDs in type 2 fibers was 55% lower than in type 1 fibers (P < 0.0001). Consequently, the 304 

contribution of subsarcolemmal LD to total LD volume fraction in type 2 fibers was 2.4 times 305 

higher than in type 1 fibers (P < 0.0001, Table 4). 306 

Compared to type 1 fibers, subsarcolemmal LDs in type 2 fibers were 36% lower in numbers (P = 307 

0.0001, Fig. 3a, b) and ~1.4 times larger in diameter before training (P < 0.05) and after END (P < 308 

0.001) (Fig. 2a, b), while intermyofibrillar LDs in type 2 fibers were 60% lower in number (P < 309 

0.0001, Fig. 3c, d) with no difference in droplet diameter (P = 0.13, Fig. 2c, d). 310 

Subsarcolemmal and intermyofibrillar mitochondrial volume fractions were 61% and 50% lower, 311 

respectively, in type 2 fibers compared to type 1 fibers (P < 0.0001, Table 3), as fibers were pre-312 

defined based on mitochondrial content. The contribution of subsarcolemmal mitochondria to total 313 

mitochondrial volume fraction was lower in type 2 fibers compared to type 1 fibers (P = 0.01, Table 314 

4). 315 

Effect of training on LDs: volume fraction, droplet diameter and number 316 

Subsarcolemmal LDs 317 

There was neither a 3-way (training x fiber type x group) nor a 2-way ((training x fiber type) or 318 

(training x group)) interaction detected in the volume fractions of subsarcolemmal LDs (P ≥ 0.11, 319 

Table 3). However, there was a main training effect of 36% reduction in the volume fractions of 320 

subsarcolemmal LDs (P = 0.003, Table 3). 321 

A 3-way interaction between training, fiber type and group was found in the diameter of 322 

subsarcolemmal LDs (P = 0.02, Fig. 2a, b). This was explained by a 26% reduction in type 2 fibers, 323 

following HIIT (P < 0.001) but not END, and with no detectable change following END and a 324 

tendency for a 20% reduction following HIIT in type 1 fibers (P = 0.07). The number of 325 

subsarcolemmal LDs was unchanged following training (P = 0.71, Fig. 3a, b). 326 

Intermyofibrillar LDs 327 

There was neither an interaction nor a main training effect observed in the volume fractions (P ≥ 328 

0.33, Table 3), droplet diameters (P ≥ 0.13, Fig. 2c, d), numbers (P ≥ 0.80, Fig. 3c, d) of 329 

intermyofibrillar LDs following training. 330 
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Relative distribution of subcellular LDs 331 

There was neither a 3-way (training x fiber type x group) nor a 2-way ((training x fiber type) or 332 

(training x group)) interaction detected in the contribution of subsarcolemmal LD to total LD 333 

volume fraction (P ≥ 0.13, Table 4). There was a tendency for a main training effect shown by a 334 

reduction in the contribution of subsarcolemmal LD to total LD volume fraction (P = 0.07, Table 335 

4). 336 

Effect of training on volume fraction of mitochondria 337 

Subsarcolemmal mitochondria 338 

There was neither a 3-way (training x fiber type x group) nor a training x fiber type interaction 339 

detected in the volume fractions of subsarcolemmal mitochondria (P ≥ 0.11, Table 3). However, 340 

there was a training x group interaction (P = 0.03) with a 77% increase following HIIT (P = 0.02), 341 

but not END (P = 0.79) (Table 3). 342 

Intermyofibrillar mitochondria 343 

There was neither an interaction nor a main training effect observed in the volume fraction of 344 

intermyofibrillar mitochondria following training (P ≥ 0.14, Table 3). 345 

Relative distribution of subcellular mitochondria 346 

There was neither a 3-way (training x fiber type x group) nor a training x fiber type interaction 347 

detected in the contribution of subsarcolemmal mitochondrial to total mitochondrial volume 348 

fraction (P ≥ 0.11, Table 4). However, there was a training x group interaction (P = 0.03): at 349 

baseline, the contribution seen in the HIIT group was lower than in the END group (P = 0.006) and 350 

it increased following HIIT (P < 0.001), but not END (P = 0.32) (Table 4). 351 

Effect of training on mitochondrial complexes 352 

There was no interaction and main time effect detected in the protein content of the five 353 

mitochondrial complexes following training (P > 0.05, Fig. 4). 354 

Associations between LD diameter or number of LDs and volume fraction of mitochondria 355 

In the subsarcolemmal region of type 1 fibers, the volume fraction of mitochondria was inversely 356 

associated with LD diameter before (R
2 
= 0.38, P = 0.01) and after (R

2 
= 0.38, P = 0.01) training 357 
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(Fig. 5a), whereas there was no association between LD diameter or number of LDs and volume 358 

fraction of mitochondria at all other localizations and time-points (Fig. 5a, b, c, d). 359 

 Lipid droplet-mitochondria contact 360 

There was no interaction, main training or group effect observed in the fiber type-specific 361 

percentages of LDs in contact with neighboring mitochondria prior to and following training (P > 362 

0.05, Table 5). There was a main fiber type effect whereby the percentage in type 1 fibers was 363 

~45% higher than type 2 fibers (P < 0.0001). 364 

Across both subcellular localizations, the diameter of individual LDs either in contact or not in 365 

contact with mitochondria was measured at baseline with the following median (IQR) values: 366 

Contacted LDs in type 1 fibers (610 (503-664) nm), in type 2 fibers (714 (593-806) nm); Non-367 

contacted LDs in type 1 fibers (549 (494-596) nm), in type 2 fibers (598 (521-707 nm). There was 368 

neither a 3-way (fiber type x localization x contact) nor a localization x contact interaction detected 369 

(P > 0.05). However, there was a tendency for a fiber type x contact interaction (P = 0.08) that in 370 

type 2 fibers the diameter of contacted LDs was 19% larger than non-contacted LDs (P < 0.001), 371 

whereas the diameter of contacted LDs tended to be 11% larger than non-contacted LDs (P = 0.06) 372 

in type 1 fibers. Overall, LDs in contact with mitochondria were 13% larger in diameter than non-373 

contacted LDs (P <0.0001).     374 

Associations between insulin sensitivity index and LDs 375 

No association was found between the Matsuda index, and the volume fraction, the diameter or the 376 

number of LDs in the subsarcolemmal and intermyofibrillar regions separately, at baseline or 377 

following training. 378 

  379 
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Discussion 380 

Our key findings were that in type 2 diabetic patients HIIT but not END, increased the volumetric 381 

content of mitochondria and reduced the size of individual LDs located in the subsarcolemmal 382 

space. Neither HIIT nor END affected intermyofibrillar LDs or mitochondria. This lowering effect 383 

of HIIT on subsarcolemmal LD size was evident in type 2 (fast twitch) muscle fibers. Collectively, 384 

these findings reveal that HIIT, having half of END training volume and time commitment, 385 

improved oxidative capacity and reduced subcellular volumetric content of LDs, particularly in type 386 

2 muscle fibers of type 2 diabetic patients. 387 

Several studies have shown that both END (7, 40, 49) and HIIT (7, 24, 31, 34) were able to 388 

augment the oxidative capacity of skeletal muscles. Likewise, a number of studies which employed 389 

transmission electron microscopy to examine the effects of mainly END on subcellular LD and 390 

mitochondrial distribution in skeletal muscles of sedentary overweight or type 2 diabetic patients 391 

have generally reported that in the subsarcolemmal region, training could lower volumetric content 392 

of LDs (42 – 80%) with no training-induced change could be detected in the intermyofibrillar 393 

region, while volumetric content of mitochondria was increased (11 – 124%) (16, 33, 42, 47). Our 394 

observations on volume fractions of LDs following training are in line with these studies, 395 

suggesting a greater plasticity in the subsarcolemmal region following an exercise training stimulus, 396 

while LD volumetric adaptation in the intermyofibrillar region may require a training period longer 397 

than the one used in this study (18, 49). Interestingly, although in this study training did not induce 398 

an increase in protein markers of mitochondrial content (OXPHOS) in mixed muscle specimens, 399 

which does not support previous studies in overweight/obese populations (31, 34, 40), we did 400 

observe a mitochondrial subcellular localization-specific adaptation, with an increased 401 

subsarcolemmal mitochondrial volumetric content following HIIT, underscoring the relevance of 402 

quantitative electron microscopy in detecting subcellular localization-specific changes following a 403 

stimulus. Lipid species in membrane rather than cytosolic fractions has been demonstrated to 404 

associate with insulin resistance (4, 11). In addition, insulin resistance is also associated with 405 

subsarcolemmal LD estimates (9, 41, 42). Taken together, existing evidence clearly indicates that in 406 

untrained individuals possessing metabolic dysfunctions, although the subsarcolemmal space is not 407 

predominant in a whole fiber, it is both more closely linked to muscle insulin resistance and more 408 

responsive to physical training, compared to the intermyofibrillar space. 409 
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This study not only extends from previous studies (33, 41, 47), but to our knowledge, is also the 410 

first to examine fiber type differences in LD morphology in the context of type 2 diabetes and 411 

report a subsarcolemma-specific LD size reduction in type 2 fibers following HIIT.  Although very 412 

little is known about the physiological significance of LD size, it is has been suggested that the 413 

higher surface-to-volume ratio of a smaller LD may facilitate lipolysis by providing the lipases an 414 

easier access to the lipid core (54, 63). Hence, the smaller LD size observed following HIIT in this 415 

study could imply a training-induced adaptation that aids LD utilization in muscle. Even though 416 

type 2 fibers are shown to have a lower capacity for glucose transport and handling compared to 417 

type 1 fibers (2), they make up a substantial portion of whole muscle in individuals with type 2 418 

diabetes (2, 43). Therefore, it is highly relevant to assess the metabolic adaptations in muscle with a 419 

fiber type-specific approach, and to adopt a training modality, in this case HIIT, which is able to 420 

engage a greater portion of whole muscle through the recruitment of type 2 fibers. 421 

Here we did not observe a reduction in the volumetric content of subsarcolemmal LDs following 422 

END, which is in contrast to one of our earlier reports (42). This discrepancy may be explained by a 423 

lower volumetric content prior to training in the present END group, compared to the type 2 424 

diabetic patients in the previous study (median values: 30 – 34 vs. ~50 µm
3
m

-3
10

3
). The training-425 

induced decrease in volumetric content of LDs may be partially explained by the reduction in 426 

droplet size with the number of LDs remaining unchanged in the subsarcolemmal region of both 427 

fiber types following training. This is in contrast to the drop in LD numbers following training 428 

observed previously (16, 33, 47), but it may be due to the larger declines in LD volumetric content 429 

shown in those studies. 430 

Previous studies of individuals with type 2 diabetes have shown an increase in total mitochondrial 431 

content by END (16, 42, 47). Interestingly, while END together with HIIT induced an increase in 432 

total volumetric content of mitochondria in the present study, only HIIT was demonstrated to 433 

induce an increase in subsarcolemmal mitochondrial content. This could be partially explained by 434 

the total exercise duration per week for END did not exceed the recommended guidelines of 150 435 

min per week which was conducted in one of our studies (42). It could also partly because the total 436 

exercise duration per week did not increase progressively over the intervention period, unlike 437 

previous studies (16, 47). Hence, the END protocol used in this study might not have been 438 

sufficient in training volume to induce volumetric mitochondrial adaptations in the skeletal muscles 439 

of our participants. 440 
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A notable observation in this study was the inverse association between LD size and the volumetric 441 

content of mitochondria in the subsarcolemmal region of type 1 fibers, both before and following 442 

training (Fig. 5a). Subsarcolemmal mitochondria have been suggested to support energy demand 443 

from the nuclei and biological processes at the sarcolemma (23). With increasing subsarcolemmal 444 

volumetric mitochondrial content, particularly in type 1 fibers, the higher metabolic needs would 445 

likely require more substrate supply from surrounding LDs. If LDs are considered as hubs for fatty 446 

acid trafficking (27, 45), higher flux of fatty acids through the LDs may render a lesser likelihood 447 

for neutral lipids to accumulate and expand the LDs. However, a possible role of mitochondrial 448 

volume in mediating the morphology and distribution of neighboring LDs awaits confirmation by 449 

future studies.  450 

Lipid droplets are shown to be located in close proximity to mitochondria in oxidative tissues such 451 

as skeletal muscle (25, 48). Such closeness has been suggested to facilitate the transfer and 452 

oxidation of fatty acids in the LD-neighboring mitochondria (5, 45), possibly more so during 453 

periods of heightened energy demand. The influence of acute exercise on the LD-mitochondria 454 

contact is unclear as mixed findings have been reported (15, 28). Although exercise training has 455 

been shown to increase the LD-mitochondria contact in previous studies (16, 55), we did not find a 456 

change in the percentage of LD-mitochondria contact following training. However, the contact was 457 

found to be higher in type 1 compared to type 2 fibers in the present study. This fiber type 458 

difference was not observed in one of our previous study on highly-trained cross-country skiers (28). 459 

With the intimacy between LDs and neighboring mitochondria presumably promoting fatty acid 460 

oxidation rather than storage (3), the regulation of fatty acid flux between the two organelles is 461 

proposed to be mediated by the LD-associated protein perilipin 5, which may be important in the 462 

LD-mitochondrial association (58), although this remains controversial (38). Interestingly, we 463 

demonstrated for the first time in human skeletal muscles, the size of LDs in contact with 464 

mitochondria was larger than non-contacted LDs at baseline. More studies are needed to have a 465 

better understanding of this contact between LDs and mitochondria in different metabolic 466 

conditions. 467 

Although it is well-recognized that compared to male individuals, female individuals have a greater 468 

reliance on whole-body fat oxidation during moderate-intensity endurance exercise (14), whether 469 

women have a greater intramyocellular lipid content than men remains to be confirmed with mixed 470 

findings from studies thus far (53, 55, 64). Bearing in mind that the female participants in most 471 
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studies were young and healthy, here based on quantitative TEM, we did not find a sex difference in 472 

the volumetric content of LDs across both subcellular regions in individuals with type 2 diabetes 473 

with a mean age above 50 years old. Existing knowledge on sex-specific subcellular mitochondrial 474 

content in skeletal muscle is very limited with a recent report showing no difference in 475 

subsarcolemmal and intermyofibrillar mitochondrial area fraction between men and women (8). 476 

However, in this study the male participants seemed to have a greater subsarcolemmal 477 

mitochondrial content in type 1 fibers as compared to the female participants, suggesting that 478 

potential sex differences in subcellular distribution of mitochondria are fiber type-specific.   479 

Due to the low number of males and females, we did not examine sex-specific adaptations to the 480 

two training modalities. However, given the higher proportion of men in the HIIT group than in the 481 

END group combined with the larger baseline volume fraction of subsarcolemmal mitochondria in 482 

men than in women, we investigated whether the HIIT-mediated increase in subsarcolemmal 483 

mitochondrial volume fraction was confounded by sex. By including sex as a fixed effect in the 484 

mixed effect model, we confirmed the two-way interaction that HIIT, but not END mediated an 485 

increase in subsarcolemmal mitochondrial volume fraction (P = 0.03), suggesting that this HIIT-486 

specific training adaptation was not confounded by a slightly unbalanced sex distribution between 487 

the two training modalities. 488 

Previous reports have correlated volumetric content and size of subsarcolemmal LDs with insulin 489 

sensitivity which was assessed with the ‘gold standard’ hyperinsulinemic-euglycaemic glucose 490 

clamp technique (41, 42). Although the Matsuda index correlates well with the glucose clamp 491 

technique, it was created to reflect more of whole-body rather than peripheral insulin sensitivity 492 

(39). Moreover, as fibre type composition was not determined in this study, assumption was made 493 

to derive fibre type-weighted LD estimates. Therefore, these could be reasons why no association 494 

was detected between Matsuda index and the various fibre type-weighted LD estimates.  495 

To conclude, we have demonstrated that exercise training in general improved whole-body 496 

glycemic control in type 2 diabetic patients. In addition, low volume HIIT lowers subsarcolemmal 497 

LD volumetric content, particularly via a reduction in the size of LDs, with a concomitant 498 

increment of mitochondrial volume in type 2 muscle fibers. This highlights the relevance of HIIT as 499 

a time-efficient training modality that induces adaptations in subcellular distribution of LDs, 500 

possibly improving glucose regulation in the skeletal muscle of type 2 diabetic patients.  501 
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Figure legends 724 

Fig. 1 Overview and representative transmission electron micrographs of lipid droplets and 725 

mitochondria in the subcellular regions. (A) Acquisition of electron micrographs was systematically 726 

randomized to cover the subsarcolemmal (SS), superficial myofibrillar (SMF) and central 727 

myofibrillar regions (CMF) of each longitudinally-oriented fiber. White arrows indicate the 728 

sarcolemma. Original magnification 600 x, scale bar = 20 µm. (B) Localizations of subsarcolemmal 729 

lipid droplet (star), mitochondria (SMi) and intermyofibrillar lipid droplet (double stars) and 730 

mitochondria (Mi). Black arrow indicates sarcolemma. Occasionally lipofuscin can be observed 731 

near the sarcolemma. Original magnification 6000 x, scale bar = 2 µm. 732 

Fig. 2 Pre- and post-training values for individual lipid droplet diameter in the subsarcolemmal 733 

region of type 1 (A) and type 2 (B) muscle fibers; and in the intermyofibrillar region of type 1 (C) 734 

and type 2 (D) muscle fibers. Values were observations (END: n = 8, HIIT: n = 8) estimated in 2 - 3 735 

fibers of each fiber type. Black circles, Pre; grey circles, Post. Box and whiskers plots represent 736 

medians, interquartile range and adjacent values. There is a 3-way training, fiber type and group 737 

interaction. †P = 0.04 vs type 1, ††P < 0.001 vs type 1, ‡P = 0.009 vs END type 2 Post, (*P = 0.07 738 

vs HIIT type 1 Pre), **P < 0.001 vs HIIT type 2 Pre. 739 

Fig. 3 Pre- and post-training values for number of individual lipid droplets in the subsarcolemmal 740 

region of type 1 (A) and type 2 (B) muscle fibers; and in the intermyofibrillar region of type 1 (C) 741 

and type 2 (D) muscle fibers. Values were observations (END: n = 8, HIIT: n = 8) estimated in 2 - 3 742 

fibers of each fiber type. Black circles, Pre; grey circles, Post. Box and whiskers plots represent 743 

medians, interquartile range and adjacent values. Main fiber type effect †P = 0.0001 vs type 1, ††P 744 

< 0.0001 vs type 1. 745 

Fig 4. Pre- and post-training values for skeletal muscle mitochondrial oxidative phosphorylation 746 

(OXPHOS) protein content and representative Western and stain-free blots. Vertical dividing lines 747 

were used in the Western blot image to present lanes from the same gel that was rearranged for 748 

presentation purpose. END: n = 8, HIIT: n = 6. Box and whiskers plots represent medians, 749 

interquartile range and adjacent values.  C I, complex I subunit; C II, complex II subunit; C III, 750 

complex III subunit; C IV, complex IV subunit; C V, complex V subunit. No interaction or main 751 

effect was observed (P > 0.05). 752 

Fig. 5 Associations between mean LD size (A) or number of LDs (B) and volume fractions of 753 

mitochondria in subsarcolemmal region; mean LD size (C) or number of LDs (D) and volume 754 

fractions of mitochondria in intermyofibrillar region of muscle fibers prior (Pre) and after (Post) 755 

training. Values were observations (END: n = 8, HIIT: n = 8) estimated in 2 - 3 fibers of each fiber 756 

type. Black circles, type 1 Pre (n = 16); grey circles, type 1 Post (n = 16); black triangle, type 2 Pre 757 

(n = 16); grey triangle, type 2 Post (n = 16). All lines fitted linearly. 758 
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Tables 760 

Table 1. Energy intake and training data 

  
Endurance Training (END) High Intensity Interval Training (HIIT) 

 

      
 Pre Post Pre Post  

 
Energy intake (HIIT, n=7)

 
     

  Total energy intake (kJ/day)
a
 7755 (6835-8824) 8385 (6977-9692) 7406 (4866-11577) 6858 (5916-9694)  

  Carbohydrate (% of total energy intake) 48 ± 11 51 ± 11 53 ± 8 52 ± 6  
  Fat (% of total energy intake)

a 
37 (24-42) 35 (26-39) 26 (23-28) 31 (26-34)

 
 

      
Training intensity (% peak heart rate)      
  Mean 77 ± 5 82 ± 4 P = 0.03 
  Recovery period   85 ± 4  
  Interval   87 ± 4  
      
Training amount      
  Training sessions 31 ± 3 31 ± 6  
  Training duration per session (min) 45.3 ± 0.7 25.1 ± 0.4 P < 0.0001 
  Overall adherence (%) 98 ± 8 97 ± 13  
    
Average training energy expenditure 
per session (kJ) 

1443 ± 431 828 ± 146 P = 0.004 

      

 
Values are means ± SD unless stated otherwise. 

a
, values are medians (interquartile range). n = 8. 

 

 761 

Table 2. Participant characteristics and changes in VO2peak, body composition, blood lipids and glycemic control 

  
Endurance Training (END) 

 
High Intensity Interval Training (HIIT) 

 

       
 Pre Post  Pre Post  

       
n (male/female) 8 (4/4)  8 (5/3)  
Age (years) 58 ± 9  56 ± 5  
Time since diagnosis (years) 6 ± 4  9 ± 4  
Medication       
  Metformin 6  7  
  DPP-4 inhibitor 0  1  
  Sulfonylureas 1  3  
  GLP-1 analogues 0  1  
  No medication 1  0  
       
VO2peak       
  Absolute (l/min)

a 
2.3 (1.9-2.8) 2.5 (2.1-3.1)  2.3 (1.9-2.7) 2.7 (2.3-3.3) P<0.0001 main training effect 

  Relative (ml min
-1

 kg
-1

 fat free mass) 44.7 ± 9.1 48.9 ± 11.1  45.4 ± 7.0 54.8 ± 7.8 P=0.08 training x group interaction 
END, P=0.04 vs Pre 
HIIT, P<0.001 vs Pre 

       
Peak workload (watt) 
 

168 ± 43 201 ± 60  176 ± 40 202 ± 50 P<0.0001 main training effect 

Body composition       
  BMI 28.6 ± 2.5 28.3 ± 2.7  27.6 ± 2.7 27.3 ± 2.8 P=0.02 main training effect 
  Body mass (kg) 86.4 ± 11.5 85.3 ± 11.7  83.2 ± 10.5 82.2 ± 10.7 P=0.01 main training effect 
  Fat-free mass (kg)

b 
53.8 (46.0-63.0) 55.7 (46.1-62.5)  51.8 (44.0-60.0) 52.3 (43.8-59.0)  

  Fat mass (kg) 29.2 ± 6.2 28.0 ± 6.0  28.6 ± 7.1 28.0 ± 7.2 P=0.01 main training effect 
  Visceral fat mass (kg) 1.8 ± 0.8 1.6 ± 0.8  1.6 ± 0.6 1.4 ± 0.6 P=0.01 main training effect 
       
Lipids       
  Triglycerides (mmol/l)

b 
1.4 (0.9-1.7) 1.3 (1.1-1.5)  1.6 (1.1-2.5) 1.4 (1.2-2.0)  

  Total cholesterol (mmol/l) 4.6 ± 1.1 4.5 ± 1.1  4.6 ± 1.0 4.5 ± 1.0  
  HDL cholesterol (mmol/l) 1.3 ± 0.3 1.3 ± 0.3  1.3 ± 0.4 1.4 ± 0.2  
  LDL cholesterol (mmol/l)

a 
2.7 (2.1-3.6) 2.6 (1.9-3.3)  2.4 (1.7-3.3) 2.4 (1.7-3.3)  

       
Matsuda Index

a 
2.9 (2.1-4.0) 2.8 (2.0-4.0)  2.5 (1.7-3.8) 2.8 (1.6-4.7)  

       
Glycemic control       
  Fasting glucose (mmol/l) 8.4 ± 2.5 8.3 ± 2.7  8.4 ± 1.8 8.0 ± 1.8  
  Fasting insulin (pmol/l)

b 
73 (64-88) 76 (63-116)  87 (62-115) 68 (56-75)  

  2-hr OGTT glucose (mmol/l) 13.7 ± 3.7 12.9 ± 4.0  14.1 ± 2.8 13.3 ± 2.5 P=0.02 main training effect 
  Maximum OGTT glucose (mmol/l) 17.0 ± 4.1 15.4 ± 4.4  17.3 ± 3.6 16.6 ± 3.0 P=0.01 main training effect 
  AUC OGTT glucose (mmol/l · min) 1696 ± 443 1594 ± 487  1747 ± 350 1634 ± 324 P=0.02 main training effect 
       
HbA1c (mmol/mol)

a 
52 (44-62) 50 (43-59)  48 (41-57) 46 (40-54) P=0.01 main training effect 

HbA1c (%)
a 

7.0 (6.2-7.9) 6.8 (6.1-7.5)  6.6 (5.9-7.4) 6.4 (5.8-7.1) P=0.02 main training effect 
       
Continuous glucose monitoring 
glucose concentration (n=7) 

      

  Mean (mmol/l)
a 

8.4 (7.0-10.2) 7.8 (6.5-9.2)  8.0 (6.2-10.4) 7.2 (5.8-8.8) P=0.002 main training effect 
  Minimum (mmol/l) 5.6  2.2 5.8  0.9  5.6  1.9 5.1  1.1  
  Maximum (mmol/l) 13.0  2.8 11.7  2.3  12.5  3.5 10.5  1.9 P=0.002 main training effect 
 

 
Values are means ± SD unless stated otherwise. 

a
, values are geometric means (95% CI). 

b
, values are medians (interquartile range). n = 8. 
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Table 3. Total, subsarcolemmal and intermyofibrillar volume fractions of lipid droplets and mitochondria before (Pre) and after (Post) training 

   
Endurance Training (END) 

 
High Intensity Interval Training (HIIT) 

 

        
  Pre Post  Pre Post  

        
Volume fractions of lipid 
droplets 

       

        
Total  

(µm
3
 µm

-3
 myofibrillar space · 10

3
) 

       

  Type 1 fibers  13.0 (9.223.5) 11.7 (7.119.9)  15.9 (10.518.8) 12.1 (6.121.9) P<0.0001 main fiber type effect 

  Type 2 fibers  6.0 (4.912.6) 9.3 (4.19.7)  8.7 (4.611.5) 7.7 (2.39.3) 
 

     
 

 
Subsarcolemmal  

(µm
3
 µm

-2
 fiber area · 10

3
) 

       

  Type 1 fibers  29.9 (16.863.3) 24.7 (10.745.4)  37.1 (17.953.8) 25.0 (17.235.1) P=0.003 main training effect 

  Type 2 fibers  34.1 (22.748.7) 40.1 (22.946.0)  44.2 (29.671.6) 19.2 (12.726.4) 
       
Intermyofibrillar  

(µm
3
 µm

-3
 myofibrillar space · 10

3
) 

      

  Type 1 fibers  10.9 (8.021.0) 10.6 (6.317.3)  13.4 (8.617.0) 10.8 (4.520.6) P<0.0001 main fiber type effect 

  Type 2 fibers  4.3 (2.99.0) 6.9 (2.97.5)  5.8 (3.18.2) 6.2 (1.68.0) 
      
Volume fractions of 
mitochondria 

     

      
Total  

(µm
3
 µm

-3
 myofibrillar space · 10

3
) 

     

  Type 1 fibers  67.1 (58.280.9) 72.8 (68.790.0)  64.5 (56.274.5) 72.3 (65.886.6) P<0.0001 main fiber type effect 
P=0.05 main training effect   Type 2 fibers  32.3 (27.240.5) 32.2 (17.544.3)  31.3 (26.338.8) 41.6 (29.445.4) 

       
Subsarcolemmal

 a 

(µm
3
 µm

-2
 fiber area · 10

3
) 

      

  Type 1 fibers  199.1 (137.5288.2) 271.2 (200.7366.3)  136.6 (101.8183.4) 236.7 (140.6398.6) P=0.03 training x group interaction 
END, P=0.79 vs Pre 
HIIT, P=0.02 vs Pre 
P<0.0001 main fiber type effect 

  Type 2 fibers  89.4 (70.1114.0) 75.0 (34.9161.1)  56.9 (38.883.5) 102.3 (55.5188.6) 

       
Intermyofibrillar  

(µm
3
 µm

-3
 myofibrillar space · 10

3
) 

      

  Type 1 fibers  57.5 (51.464.6) 60.6 (55.572.9)  59.3 (50.366.9) 62.0 (53.670.0) P<0.0001 main fiber type effect 

  Type 2 fibers  28.2 (23.434.9) 27.5 (15.436.5)  28.2 (24.335.7) 34.7 (26.340.9) 
       

 
Values are medians (interquartile range) unless stated otherwise. 

a
, values are geometric means (95% CI). n = 8. 
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Table 4. Relative distributions of lipid droplets and mitochondria at two subcellular locations in skeletal muscles of type 2 
diabetic patients before (Pre) and after (Post) Endurance (END) and High-intensity interval training (HIIT) 

  
Intermyofibrillar 

 
Subsarcolemmal 

 

    Pre Post   Pre Post 
 

Lipid droplets        

END       

Subsarcolemmal 
P<0.0001 main fiber type effect 
 
P=0.07 main training effect 

Type 1 fibers  90 (89-93) 91 (86-93)  10 (7-11) 9 (7-14)
 

Type 2 fibers  74 (58-84) 79 (73-83)  26 (16-42)
 

21 (17-27)
 

HIIT       

Type 1 fibers  88 (81-94) 90 (80-92)  12 (6-19) 10 (8-20)
 

Type 2 fibers  68 (65-73) 79 (72-87)  32 (27-35)
 

21 (13-28)
 

        

Mitochondria        

END 
      

Subsarcolemmal 
P=0.03 training x group interaction 
At Pre, P=0.006 HIIT vs END 
At Post, P=0.68 HIIT vs END 
For END, P=0.32 Pre vs Post 
For HIIT, P<0.001 Pre vs Post 
 
P=0.01 main fiber type effect 

Type 1 fibers 
 

85 (82-86) 82 (80-85) 
 

15 (14-18) 18 (15-20) 

Type 2 fibers 
 

85 (84-89) 85 (83-88) 
 

15 (11-16) 15 (12-17) 

HIIT 
      Type 1 fibers 
 

90 (86-91) 83 (76-89) 
 

10 (9-14)
 

17 (11-24)
 

Type 2 fibers 
 

91 (89-92) 85 (83-90) 
 

9 (8-11)
 

15 (10-17)
 

              

 
Values are medians (interquartile range). n = 8. 
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Table 5. Percentage of lipid droplets in contact with mitochondria in type 1 and 2 human skeletal muscle fibers before (Pre) 
and after (Post) Endurance (END) and High-intensity interval training (HIIT) 

 Intermyofibrillar Subsarcolemmal  

 Pre Post Pre Post  

END     

For both subcellular regions 
P<0.0001 Main fiber type 
effect 

Type 1 fibers 76 (69 – 83) 74 (60 – 83) 85 (71 – 90) 81 (63 – 91) 

Type 2 fibers 
 

46 (42 – 60) 46 (27 – 70) 54 (43 – 65) 57 (40 – 73) 

HIIT     

Type 1 fibers 77 (70 – 88) 73 (57 – 91) 83 (75 – 92) 83 (71 – 91) 

Type 2 fibers 57 (55 – 64) 44 (29 – 60) 61 (55 – 78) 56 (31 – 68) 

 
Values are medians (interquartile range). n = 8, 2122 subsarcolemmal lipid droplets and 3131 intermyofibrillar lipid droplets 
analyzed. 
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