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ABSTRACT

Mitochondrial function has been examined in insulin resistant (IR) states including type
2 diabetes mellitus (T2DM). Previous studies using phosphorus-31 magnetic resonance
spectroscopy (**P-MRS) in T2DM reported results as relative concentrations of
metabolite ratios, which could obscure differences in phosphocreatine [PCr] and
adenosine triphosphate [ATP] between T2DM and NGT individuals. We used image-
guided *'P-MRS method to quantitate [PCr], inorganic phosphate [Pi], phosphodiester
[PDE] and [ATP] in vastus lateralis (VL) muscle in 11 T2DM and 14 NGT subjects.
Subjects also received OGTT, euglycemic insulin clamp, 'H-MRS to measure
intramyocellular lipids [IMCL] and VL muscle biopsy to evaluate mitochondrial density.
T2DM subjects had lower absolute [PCr] and [ATP] than NGT subjects (PCr: 28.6 * 3.2
VS 24.6 £ 2.4, p< 0.002) and (ATP: 7.18 £ 0.6 vs 6.37 £ 1.1, p< 0.02) while [PDE] was
higher, but not significantly. [PCr], obtained using the traditional ratio method, showed
no significant difference between groups. [PCr] was negatively correlated with HbAlc
(r=-0.63, p<0.01) and fasting plasma glucose (r=-0.51, p=0.01). [PDE] was negatively
correlated with Matsuda Index (r=-0.43, p=0.03) and M/l (r=-0.46, p=0.04), but was
positively correlated with [IMCL] (r=0.64, p<0.005), HbAl1c and FPG (r=0.60, p=0.001).
To summarize, using a modified, in vivo quantitative **P-MRS method, skeletal muscle
[PCr] and [ATP] are reduced in T2DM, while this difference was not observed with the
traditional ratio method. The strong inverse correlation between [PCr] versus HbAlc,
FPG, and insulin sensitivity supports the concept that lower baseline skeletal muscle

[PCr] is related to key determinants of glucose homeostasis.
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Glossary. ADP, adenosine diphosphate; ATP, adenosine triphosphate; BMI, body mass
index; BW, receiver bandwidth; FPG, fasting plasma glucose; G-3-P, glycerol-3-
phosphate; GDES, a mammalian muscle phosphodiesterase; GPC,
glycerophosphocholine; GPC-PDE, glycerophosphocholine phosphodiesterase; HbAlc,
glycated hemoglobin; HDL, high-density lipoprotein; H*, hydrogen ion; 'H-MRS,
hydrogen-1 magnetic resonance spectroscopy; IMCL, intramyocellular lipid; Keg,
equilibrium constant; MDP, methylenediphosphonic acid; mRNA, messenger ribonucleic
acid; pH, potential of hydrogen; Pi, inorganic phosphate; NGT, normal glucose
tolerance; NSA, number of signals averaged; OGTT, oral glucose tolerance test; PCr,
phosphocreatine, PDE, phosphodiester, **P-MRS, phosphorus-31 magnetic resonance
spectroscopy; 6, chemical shift; SSPI, steady-state plasma insulin concentration; T1,
longitudinal relaxation time; T2, transverse relaxation time; T2DM, type 2 diabetes
mellitus; tCr, total creatine; TE, echo time; TEM, transmission electron microscopy;
TGD, total glucose disposal; TR, pulse repetition time; VL, vastus lateralis; IMCL,

intramyocellular lipid.
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87 INTRODUCTION

88  Skeletal muscle mitochondrial function and impaired ATP production have been

89 described in insulin resistant (IR) states, including type 2 diabetes mellitus (T2DM) (3,

90 46). However, there is controversy as to whether the mitochondrial function is the cause

91  of or result of insulin resistance. Phosphorus-31 magnetic resonance spectroscopy (**P-

92 MRS) has been used to study mitochondrial function by measuring phosphorus

93 metabolites under a range of physiological conditions and relating intramyocellular

94 levels to the presence of skeletal muscle insulin resistance (55). Using MR

95  spectroscopic techniques in vivo, impaired skeletal muscle mitochondrial function has

96 been demonstrated in a variety of insulin resistant states including the elderly (41),

97 insulin-resistant offspring of T2DM individuals (9, 35, 42), T2DM subjects (2, 43, 52, 53,

98 55), and obese subjects (38, 46, 61).

99  Traditionally, results from in vivo **P-MRS in T2DM individuals have been expressed as
100 ratios of phosphorus metabolites, under the assumption that the ATP concentration
101  ([ATP]) in resting muscle is uniform and constant across all subjects. Data to support
102 the constancy of muscle ATP levels is lacking and reliance on this assumption could
103 obscure simultaneous changes in phosphorus metabolites, attenuating or enhancing
104  metabolic differences between T2DM and NGT. Therefore, development of a *'P MRS
105 method to provide absolute concentrations of intramyocellular phosphorous metabolites
106 is essential to precisely assess the contribution of mitochondrial function to metabolic
107  processes (28).

108 The aims of this study were (i) to develop a reproducible method to quantitate

109 phosphorus metabolites in human vastus lateralis (VL) muscle using MRS, (ii) to
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110 compare differences between NGT and T2DM subjects in basal [ATP], inorganic
111  phosphate [Pi], phosphocreatine [PCr], phosphodiester [PDE] and creatine [Cr], and (iii)
112 to examine the relationship between phosphorous metabolite concentrations and
113 measures of glycemic control, insulin resistance, mitochondrial density and
114  intramyocellular lipid content.

115 MATERIALS AND METHODS

116  Subjects

117 Fourteen NGT and 11 T2DM subjects, matched for age, gender and BMI, participated in
118 the study (Table 1). All subjects had normal liver, cardiopulmonary, and kidney function
119 as determined by medical history, physical examination, screening blood tests,
120 electrocardiogram, and urinalysis. No subject was taking any medication known to affect
121  glucose tolerance. Body weight was stable (x 1.4 kg) for at least 3 months before the
122  study in all subjects and no subject participated in an excessively heavy exercise
123 regimen or took part in any exercise program over the 48 hours prior to study. NGT
124  subjects had no family history of T2DM. T2DM subjects were on a stable dose (at least
125 3 months) of monotherapy with metformin or metformin combined with sulfonylurea. All
126  patients were diagnosed with T2DM for at least a year.

127  Studies were performed at 0800 hours following a 10-hour overnight fast. Subjects
128 received a 2-hour 75 g oral glucose tolerance test (OGTT). Hydrogen -1 and *'P MRS
129  were performed on the VL muscle at the Research Imaging Institute within one week of

130 the OGTT. On a separate day, a subset of subjects (9 T2DM and 12 NGT) received

131  euglycemic insulin clamp and VL muscle biopsy. The study protocol was approved by

132  Institutional Review Board of University of Texas Health Science Center, San Antonio,
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133  Texas, and informed written consent was obtained from all subjects before participation.

134 Oral Glucose Tolerance Test

135 Before the start of OGTT, a catheter was placed into an antecubital vein and blood
136 samples were collected at -30, -15, and 0 minutes. Subjects then ingested 75 g of
137 glucose, and blood samples were obtained at 30, 60, 90, and 120 minutes for
138 determination of plasma glucose, FFA, and insulin concentrations. Insulin sensitivity
139 during the OGTT was assessed by the Matsuda index (MI) (33). The insulin
140  secretion/insulin resistance (disposition) index, an indicator of beta cell function, was
141  calculated as (A AUC-I/A AUC-G) x MI (1).

142 Magnetic Resonance Spectroscopy

143 At 0800 hours after an overnight fast, **P-MRS measurements of hydrogen- and of
144  phosphorus-containing metabolites were obtained from the right VL muscle using a 3
145 Tesla MRI system (TIM Trio, Siemens Medical, Malvern PA). Quantitation of
146  intramyocellular lipids [IMCL] was determined using single-voxel 'H-MRS with the
147 internal reference method. Subjects were positioned in a supine, feet first orientation
148  with the right upper leg as close to the center of the magnet as possible. A 4-channel
149 receive-only array flex coil (Siemens) was wrapped around the right thigh and the leg
150 was stabilized. Two stimulated echo acquisition mode (STEAM) MRS sequences were
151  acquired, one with the water peak intact (15 mm x 15 mm x 15 mm, TR =3 s, TE = 30
152 ms, NSA = 16) and another at the same location with the water peak suppressed (15
153 mmx15x 15 mm, TR=3s, TE =270 ms, NSA = 128).

154  For the ¥P-MRS measurements, a rigid *P/*H dual-tuned circular, saddle-shaped (18

155 cm diameter) surface coil (Rapid Biomedical, Rimpar, Germany) was used. RF coil
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156 testing indicated that the shape of the sensitive volume changed with movements that
157 alter the RF coil orientation relative to the main, B, field. To ensure study-to-study
158 reproducibility, a holder was devised that fixed the RF coil to the table to maintain the
159 shape and size of the RF coil sensitive constant. Tests of the excitation pulse flip angle
160 with spatial depth and applied RF power demonstrated a broad maximum over the
161 range of 3-5 cm deep from RF coil midline for 50-70 V applied to produce a putative
162  160° flip angle. Since the VL muscle is in an anterior compartment of the quadriceps
163 muscle group, the RF coil was positioned as close as possible to isocenter under the
164  right VL muscle with the subjects positioned head first and prone in the magnet. A 6-mL
165 plastic vial with an 850-mM concentration of methylenediphosphonic acid (MDP) was
166 fixed at the center of the coil and used as an external reference. (Figure 1A) MDP was
167 used because its resonance frequency of ~22 ppm downfield from PCr, to avoid
168 overlapping relevant metabolite peaks. In addition, MDP is safe when diluted, is water
169 soluble, and can be placed in a sealed container.

170  An axial *H-MRI localizer (35 slices, 200x169x5 mm, TR/TE=498/6.47 ms, BW=120
171 Hz/px) was acquired for guidance of the spectroscopy slab placement. A *H-MRS voxel
172 (20x20x10 mm®, TR/TE=3000/150 ms, NSA=8, BW=1200 Hz), placed in the right VL
173  muscle, was shimmed to a FWHM of water ~20 Hz. The acquired shim values were
174 also used for the *P-MRS sequences. The axial images were used to position a
175  paracoronal, five-slice *H-MRI scan (TR/TE = 450/6.15 ms; thickness 5 mm; FOV =
176  187x250 mm; matrix = 192x256, BW=120 Hz/pixel) which was positioned in the same
177  way as the subsequent **P-MRS slab, both in the muscle and the phantom, to estimate

178  the volume of muscle tissue contained within the 3P-MRS slice. Using the reference,
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179 axial *H-MRI images of the upper right leg, a *P-MRS slab was positioned in the VL
180 muscle to exclude as much subcutaneous fat and bone as possible (Figure 1A).
181 However, if signal from adipose tissue was inadvertently included, it should not affect
182 the results since there is no PCr in adipose tissue and [ATP] is only ~ 50 umol/g wet
183  weight (20). A slice-selective **P-MRS sequence (TR/TE = 10,000/2.3 ms, NSA=16,
184  slice thickness 25mm, BW=3000 Hz) was performed in the quadriceps muscle of the
185 subject and in the leg phantom, as described below.

186  After the subject was scanned, a 15-cm diameter, 4 L plastic cylindrical leg phantom
187 containing 35 mM phosphoric acid (HsPO4) was placed on the coil and a five-slice, para-
188 coronal MRI scan was acquired followed by an MRS scan. Both the phantom 5-slice
189  MRI and phantom *'P-MRS slabs were scanned with the same parameters and slab
190 positions, relative to the RF coil, that were used previously so that the data were
191 collected from the same area within the radio frequency excitation field of the coil. Also,
192 the same *!P-MRS sequence was used with the position centered over the vial of MDP,
193 first with the subject and then with the leg phantom. The change in the MDP peak area,
194  which is due to the changes of the coil’'s RF field, was used to correct for the effect of
195 coil loading on the metabolite peak height (28). The position of the MDP vial did not
196 change relative to the coil throughout the experiment. The experimental set-up and
197 representative **P-MRS muscle spectra are shown in Figure 1B.

198 To examine the reproducibility of the method, 5 healthy NGT subjects (2 males/3
199 females; age = 39+22 years; BMI = 25.1+4.8 kg-m™) were studied on two separate
200 occasions within an interval of 5-7 days. Reproducibility was expressed using the

201  coefficient of variation (CV) calculated as the standard deviation (SD) between an
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202 individual’s two visits divided by the mean of the two visits. The intra-subject CV and the
203 inter-subject CV also were calculated for each parameter. The same sequence using
204 the MRS slab with varying TR values (0.5, 1, 3, 6, 10 s) in these volunteers also was
205 used to validate that TR=10,000 ms was sufficient avoid T1 corrections in the
206  quantitation calculation.

207 Euglycemic Insulin Clamp and Muscle Biopsy

208  Approximately one week after the MRS study, subjects returned at 0800 h for a 4-hour
209 euglycemic insulin clamp (17). A prime-continuous insulin infusion (80 mU/kg-min) was
210 started at time O via a catheter placed into the antecubital vein and continued
211 throughout study. A second catheter was placed retrogradely into a vein on the dorsum
212 of hand, which was placed in a heated box (60°C). Baseline arterialized venous blood
213  samples for determination of plasma glucose and insulin were drawn at -30, -20, -10, -5,
214 and 0 min. After the start of insulin, plasma glucose concentration was allowed to
215 decrease to 100 mg/dL, at which level it was maintained by variable infusion of 20%
216  glucose solution. During the insulin clamp, blood samples were drawn every 5-15 min
217  for determination of plasma insulin and glucose concentrations. At the high insulin
218 infusion rate employed in the present study, endogenous glucose production is
219  suppressed by > 90% in NGT and T2DM subjects and the mean glucose infusion rate
220 during the last 60 minutes provides a measure of total body glucose disposal (TGD).
221 TGD divided by the steady state plasma insulin (SSPI) concentration during the 180 -
222 240 min duration also was calculated.

223 Vastus lateralis muscle biopsy was performed 60 minutes prior to the start of insulin

224  infusion. The VL muscle specimen was immediately fixed in phosphate buffered 4%
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225 formaldehyde, 1% glutaraldehyde (pH 7.4) at 4°C for several hours and post fixed in 1%
226  osmium tetroxide for 1 hour at room temperature, dehydrated in a series of ethanol
227  dilutions, and embedded in epoxy resin (EMBed 812). Electron microscopy was
228 performed on a JEOL 1230 by an operator blinded to the study. The density of
229 mitochondria was estimated using the point-counting method in a blinded fashion. For
230 each subject, the number density measurements from a minimum of seven images
231  were averaged.

232  Mitochondrial ATP Synthesis

233  Mitochondrial ATP synthesis rate was measured ex vivo with the chemiluminescence
234  technique, as previously described (3). Briefly, mitochondria were isolated from fresh
235 muscle tissue by differential centrifugation, with 4 mg of mitochondrial protein aliquoted
236 to each reaction well. Substrates were added as follows: 2.5 mM pyruvate, 2.5 mM
237 glutamate, 5 mM succinate plus 0.001 mM rotenone, and palmitoyl-L-carnitine. Malate
238 (2.5 mM) was added to complex | substrates. Luciferine/luciferase was added to monitor
239  ATP production. Substrates were added after 5 min of incubation at 37°C, and the
240 reaction was started by addition of ADP.

241  Analytical Determinations

242  Plasma glucose was measured by the glucose oxidase method (Beckman Instruments,
243 Fullerton, CA). Plasma insulin was measured by radioimmunoassay (Diagnostic
244  Products Corp., Los Angeles, CA). Plasma FFA was determined by the enzymatic
245  colorimetric quantification method (Wako Chemicals, Neuss, Germany).

246 MR Spectroscopy Calculations

247  The processing of [IMCL] data assumed only a slight variation in the water content in

10
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248 muscle tissue among individuals. The H,O signal from the unsuppressed ‘H-MRS
249 acquisition was corrected for proton density and relaxation effects to calculate the
250 concentration of IMCL. The concentration of water was calculated as:

251 [H20] = Wc/pm * pw / MMy [1]

252  where Wc is the water content in muscle tissue (76%), pw is the density of muscle tissue
253  (1.06 g/ml wet weight), pw is the density of water (1.0 g/ml) and MMy, is the molecular
254  weight of water (18 g/mol). Then [IMCL] was calculated in mmol/kg ww by,

255 [IMCL] = [H20] x AmcL/Arzo xn H20/n IMCL xk H,0/k IMCL, [2]

256  where [H20O] is from Eq. 1, AmcL and Anzo are the fitted amplitudes from AMARES, n is
257 the number of protons for IMCL and H,O (62 protons/molecule and 10
258 protons/molecule, respectively) and kuyo and ke, are the T1 and T2 relaxation
259  corrections for water and IMCL, respectively, with

260 koo = €(-TE/T2) x (1-e(-TR/T1)), [3]

261 where TE and TR are the *H-MRS STEAM scan parameters, and T1 and T2 relaxation
262 times for water and IMCL are the published values for VL muscle (60).

263 Decreased in vivo mitochondrial oxidative phosphorylation (OxPhos) has

264 been inferred from changes in the apparent flux of ATP, reported from 3!P-

265 MRS studies in a variety of IR states, including T2DM. *'P-MRS allows the

266 evaluation of muscle energetics in vivo: (i) by methods using magnetization

267 transfer, (ii) by measuring the concentrations of phosphorus-containing

268 metabolites; and (iii) by measuring the rate of recovery of the PCr signal

269 following exercise which is a metric for the rate of oxidative ATP synthesis

270 assuming that the CK reaction is much faster than oxidative ATP

11
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271 production; and (iv) in conjunction with *H-MRS measurements of total

272  creatine concentration [tCr], allowing calculations of adenosine

273  diphosphate concentrations, [ADP], which can yield important information
274  regarding the free energy of ATP hydrolysis. [ADP] is calculated in the

275 literature either assuming a constant level of total creatine [tCr] = [PCr] +
276 [Cr] (5) or that 15% of the total creatine is phosphorylated (49). Itis not
277  known whether these assumptions are appropriate for all subjects,

278 especially those with metabolic disorders, so the absolute concentration of

279 creatine, [Cr], was determined directly from the *H-MRS data in this study.
280 [Cr] = [H20] % (Ac/Aw) % (nw/necr) X (Kn/ker) x WC, [4]

281 where [H20] is the concentration of the muscle water, Ac, is the amplitude of the
282  creatine metabolite peak from the water suppressed scan, A, is the amplitude of the
283  H,0 peak from the water reference spectrum, n,, and n¢, are the number of protons in
284  water and creatine, and k,, and k¢, are the T1 and T2 relaxation corrections for water
285 and Cr, respectively, with k = e(™™ x (1-e(™™) " [H,0] and WC, the water content

286  factor, were assumed to be 55,556 mM/L and 77%, respectively (63).

287  For the *P-MR spectra, (Figure 1B), the volume of the subject's muscle in the MRS
288 slab was determined from the para-coronal, five-slice MR image data from the patient. A
289  similar calculation was performed on the five-slice MR image data from the H3PO,
290 phantom. Hand-drawn contours in the inferior-superior extrema on each of the five
291 images were used to determine the muscle area in each slab. Variability in the definition
292 in muscle margins on these images led to an estimated error of 3%-5%. The signal

293  drop-off changes due to differences in RF coil coupling to the subject versus the H3PO,

12
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294  phantom were compensated by performing the same measurement on 35 mM H3PO,
295 phantom and using the signal from the MDP vial to compensate for coil loading.

296 The AMARES fitting algorithm within j]MRUI 5.0 was used to analyze all spectra (37).
297 [PCr] was determined using our modified, quantitative method as well as with the
298 conventional relative determination, previously described (48). [ATP] was determined
299 from the fitted height of the yATP peak. Muscle pH was measured based on the
300 chemical shift difference between Pi and PCr. In a subset of subjects, muscle creatine
301 concentration [Cr] and intramyocellular lipid [IMCL] concentrations were determined
302 using single-voxel *H-MRS as previously described (11, 62). Thus, the [PCr] (and by

303 analogy, [ATP], [PDE] and [Pi]) was determined by modifying an equation, proposed by

304 Kemp (28) based on the method of Roth et al (47):

305 [PCr] = [H3PO4] X (A/AD) * (AyppredPuop) X (VV) . [5]

MDPref
306 where [H3PO4] is the concentration of phosphoric acid in the leg phantom, A is the

307 amplitude of the metabolite peak in the subject, Ap is the amplitude of the H3PO,4 peak

308 from the phantom, A is the amplitude of the MDP peak with the phantom, A, is

MDPref

309 the amplitude of the MDP peak with the coil on the leq, Vp is the volume of the phantom

310 in the slab and V is the volume of the subject’s muscle in the slab. [PCr] also was

conv

311 calculated using the conventional assumption that [ATP] __is 8.2 mM (24, 48). [PCr]

conv conv

312 =82 mM x (A, /A,p), Where A, is the amplitude of the PCr peak and A, is the

ATP
313 amplitude of the yATP peak in the subject. Similarly, [PDE]con Was also calculated using
314  the [ATP]conv = 8.2 mM assumption.

315 Muscle pH was determined from the chemical shift difference between PCr and Pi (),

316 in parts per million (ppm), in the **P-MRS spectrum with the formula:

13
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317 pH = 6.75 + log[(5-3.27)/(5.69-5)] [6]

318 [ADP] was calculated as: [ADP] = ([ATP][tCr])/([PCr][H"] Keq), using the calculated pH
319 (H*= 10", a creatine kinase equilibrium constant (Keq) of 1.66x10° /mol (47), and the

320 [ATP], total creatine concentration ([tCr]), and [PCr] values from the quantitated MRS

321 measurements. [ADP] also was calculated using the conventional assumptions of

conv
322 [ATP]_,, = 8.2 mM and total creatine concentration ([PCr]+[Cr]) is 42.5 mM (24, 28, 48).
323  Statistics

324 Values are expressed as mean + SD. Between group comparisons were performed
325 using the Student's two-tailed t-test. Correlation analysis was performed using
326 Pearson's product-moment correlation method for the baseline metabolite
327 concentrations with the following parameters: HbAlc, FPG, Matsuda Index (MI), IS/IR
328 index, insulin sensitivity index (M/I) during the clamp and mitochondrial density. All
329 statistical analyses were performed using the R statistical package (58) with
330 significance at p < 0.05.

331

332 RESULTS

333  Subjects did not differ significantly in age, weight, sex and BMI (Table 1). As expected,
334 T2DM subjects had higher FPG, HbA1C, fasting plasma triglycerides and lower HDL
335 cholesterol (Table 1). The Matsuda Index of insulin sensitivity (OGTT) and TGD and
336 TGD/SSPI during insulin clamp were significantly reduced in T2DM vs NGT (Table 1).
337 The absolute quantitation of [PCr] had a mean coefficient of variation for repeated

338 measurements in the same individual of 5.2 %. Measured muscle volumes for the

14
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339 T2DM and NGT subjects were 430.2+64.6 cm® and 428.4+68.5 cm® respectively
340 (p=0.95). The average PCr linewidth was 21.6+8.7 Hz.

341 Resting VL muscle [PCr] was reduced in T2DM (24.6 £ 2.4 mM) versus NGT (28.6 £ 3.2
342 mM, p = 0.002) (Table 2) and correlated inversely with FPG (r = -0.51, p = 0.01) and
343 HbAlc (r = -0.63, p < 0.001) (Figure 2A and 2B). VL muscle [ATP] was reduced in
344 T2DM (6.37 £ 1.05 mM) compared to NGT (7.18 £ 0.60 mM, p = 0.02) subjects. Of
345 note, the [ATP] in VL muscle in both NGT and T2DM subjects was lower than the

346 reference concentration of ATP (8.2 mM) used in the literature (24, 48). [PCr] was

347 significantly and positively correlated with [ATP] (Figure 2C) and negatively correlated
348 with [PDE] (Figure 2D). [ADP] did not differ significantly between NGT and T2DM
349  subjects using our quantitative method, while it was significantly higher in T2DM using
350 the conventional method which assumes a constant concentration for ATP (Table 2).

351 There were no differences in [Pi], pH, and [Cr] between T2DM and NGT subjects.
352 [IMCL] was significantly increased (p=0.004) in T2DM (8.99 = 1.46 mmol/kg) vs NGT
353 subjects (6.87 £ 1.15 mmol/kg). (Table 2) [IMCL] was significantly and positively

354  correlated with fasting plasma glucose (r=0.53, p=0.03), and hemoglobin Alc (r=0.59

355 p=0.007) (Figure 3A). [IMCL] was significantly and negatively correlated with the
356 Matsuda Index of insulin sensitivity (r=-0.60, p=0.009) (Figure 3B) and insulin sensitivity
357 (M/I) measured with the insulin clamp (r=-0.54, p=0.03) in subjects with NGT and
358 T2DM. (Figure 3C) [IMCL] also was negatively correlated with [PCr] (r=-0.43, p=0.074)
359 and was significantly and positively correlated with [PDE] (r=0.64, p<0.005) (Figure 3D).

360 Myocellular [PDE] was significantly higher in the T2DM versus NGT (4.04+0.98 mM vs.

361 3.11+0.82 mM, p=0.02). [PDE].onv_also was significantly greater (p=0.005) in T2DM VL

15
Revised 02/27/2018

Downloaded from www.physiology.org/journal/ajpendo by % individual User.givenNames} ${ individua User.surname} (121.115.127.231) on March 15, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



362 muscles (5.35+1.6 mM) compared to NGT (3.72+1.05 mM). PDE was positively

363 associated with HbAlc (Figure 4A) and to FPG (r_= 0.60, p=0.001) across all

364 participants (Figure 4B). [PDE] correlated negatively with Matsuda Index and insulin
365 sensitivity index (Figure 4C and 4D). However, [PDE] was not associated with BMI or

366 mitochondrial density.

367 Mitochondrial density was measured with transmission electron microscopy (TEM) in 8
368 NGT and 6 T2DM subjects; no difference was noted between the two groups (p = 0.96).
369 However, mitochondrial density was negatively correlated with [PCr] (r = -0.67, p =
370 0.009), [Pi] (r = -0.61, p = 0.02), and [ATP] (r = -0.63, p = 0.02) (Figure 5). TEM
371 examination revealed a loss of muscle mitochondrial structural arrangement and
372 increased lipid droplets in T2DM subjects (Figure 6). [IMCL] correlated negatively with
373 [PCr] in the NGT group, while it correlated positively with [PCr] in the T2DM group
374 (Figure 7A and 7B), even though the two groups were well-matched for age (p = 0.92)
375 and BMI (p = 0.82). No difference in ATP synthesis rate was observed between T2DM

376  and NGT subjects in VL muscle ex vivo with any substrate (Figure 8).
377 DISCUSSION

378 3'P-MRS is a noninvasive method commonly used to provide information about
379 concentrations of intramyocellular high energy phosphate compounds and to assess
380 mitochondrial function. Few human studies have attempted to measure absolute
381 concentrations of these metabolites in the post absorptive state and conflicting results

382 have been reported (15, 52, 55). De Feyter et al. (15) measured resting PCr, Pi, and

383 ADP concentrations using a constant value for [ATP]=8.2 mM and reported no

384 difference between NGT, pre-diabetic and long-standing insulin-treated type 2 diabetic
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385 subjects. Schrauwen-Hinderling et al. (53) reported a 45% delay in PCr recovery half-
386 time in T2DM versus NGT individuals but found no difference in resting Pi/PCr between
387 the two groups. Scheuermann-Freestone et al. (50) reported lower baseline metabolite
388 concentrations in cardiac but not skeletal muscle. Wu et al. (64) reported reduced
389 resting skeletal muscle [Pi], [PCr], and [ATP] by assuming that the B-ATP for the control

390 subjects at rest was equivalent to 5.5 mmol/kg of wet muscle weight.

391 One possibility that could explain the inconsistent data reported in the literature relates
392 to the use of the conventional ratio method instead of absolute [PCr] and [ATP]
393 quantitation. Use of an assumed constant value for [ATP] can obscure simultaneous
394 decreases in both [PCr] and [ATP] and enhance otherwise marginal differences.
395  Furthermore, the assumption of a uniform and constant [ATP] = 8.2 mM has not been
396 validated in human skeletal muscle. This value originates from a study of 81 young
397 healthy human subjects of indeterminate sex with an age range of 18 — 30 years (24).
398 The muscle samples were obtained from the VL muscle using a percutaneous needle
399 biopsy and were frozen within 4.2 + 0.8 seconds, powdered, and assayed. The
400 investigators showed a highly significant variance between individuals, suggesting that
401 a single value should not be assumed for all individuals. Further, metabolite
402 concentrations were reported in mmol/kg dry mass and assumptions were used to
403 convert the values into mmol/L of intracellular water, finally arriving at a mean ATP

404 concentration of 8.2 mM.

405 In the current study, we developed a reproducible method to quantitate *P-MRS
406 measurements in human VL muscle. Using this modified in vivo quantitative imaging

407 method, we found significantly lower [PCr] and [ATP] in VL muscle in T2DM compared
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408 to NGT subjects. This finding has important physiologic, as well as clinical implications.
409  Although reduced muscle [PCr] and [ATP] should not be construed to be synonymous
410 with impaired mitochondrial function, they are consistent with a defect in mitochondrial
411  function and could be contribute to the insulin resistance in T2DM individuals (2, 3, 9,
412 14, 26, 34, 46). Controversy exists about whether the defect in mitochondrial function is
413  responsible for the insulin resistance, i.e. primary or secondary to the insulin resistance
414 (2, 3). Incubation of mitochondria with FFA can cause impaired mitochondrial function,
415 while infusion of lipid to elevate the plasma FFA concentration in vivo impairs
416  mitochondrial function and induces insulin resistance (2, 3). Conversely, in a GWAS
417  study arylamine N-acetlytransferase 2 has been identified as an insulin sensitivity gene
418 in humans (29) and of deficiency of Nat2 (mouse homolog of Natl) in mice leads to
419 reduced mitochondrial function, increased muscle lipid deposition, and insulin
420 resistance (13). Thus, it appears that defective mitochondrial function can both be the
421  cause of, or result from, insulin resistance. Lower [PCr] and [ATP] concentrations have
422  been reported from a freeze-clamped human skeletal muscle biopsy study taken from
423 T2DM subjects following 10-week exposure to metformin (36). However, the
424  significance of this observation is unclear since metformin is not an insulin sensitizing
425 drug in muscle (4) and, when ''C-metformin is given intravenously, it cannot be
426 detected in skeletal muscle (25). In mice, metformin has been reported to inhibit
427  respiratory chain complex I, resulting in decreased hepatic ATP levels and activation of
428 AMPK (22). However, the dose of metformin used in these studies was in the
429 supraphysiologic range. Therefore, we do not believe that background metformin can

430 explain the reduced levels of [PCr] and [ATP] in the present study.
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431 In the current study, differences in mitochondrial number or density between the T2DM
432 and NGT groups were not observed. However, there were clear alterations in muscle
433  architecture of T2DM patients, characterized by intermittent loss of pairing along the Z
434 line and altered regularity of the pairing. Mitochondrial density correlated negatively with
435 the resting concentration of phosphorus metabolites [PCr], [Pi], and [ATP], indicating
436 that individuals with a greater quantity of mitochondria had lower baseline cytosolic
437  phosphorus levels. This could be related to the previously described reduction in the
438 number of subsarcolemmal mitochondria in T2DM patients, which are hypothesized to

439  be functionally and structurally distinct from intermyofibrillar mitochondria (45).

440 Previous light and electron microscopy studies in healthy NGT subjects have
441 demonstrated that mitochondria in skeletal muscle are arranged in a highly ordered
442  manner, with the highest mitochondrial density found the subsarcolemmal region of type
443 | fibers (54). Reduced size, but not lower density of mitochondria, has been reported in
444  human skeletal muscle in T2DM (26), although one study reported reduced
445 mitochondrial densities in offspring of IR individuals (35). Intergenerational
446  manifestations of insulin resistant phenotypes may result from genetic (13, 29, 40) or

447  epigenetic causes (19, 31).

448 We also found [IMCL] to be significantly higher in T2DM subjects than in age- and BMI-
449 matched NGT subjects, consistent with previous publications from our lab (6, 7) and
450 others (16, 23, 30, 39, 57, 59). [IMCL] correlated strongly with measures of glycemic
451  control and insulin sensitivity including HbAlc, FPG, Matsuda Index, and M/I, insulin
452  sensitivity index (Figure 3). The increased [IMCL] is consistent with previous findings

453 with MRS (7, 16, 21, 23, 30) and with increased intramyocellular levels of fatty acyl
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454  CoOA, diacylglycerol (DAG) and ceramides with muscle biopsy (3, 6, 26, 32). Further,
455 increased intramyocellular levels of toxic lipid metabolites have been shown to inhibit
456 insulin signaling and to correlate closely with defects in insulin resistance in T2DM and

457  obese NGT individuals (8, 10).

458 In the present study we also observed increased skeletal muscle PDE concentrations
459 by *P-MRS. Although less well appreciated than increase intramyocellular levels of
460 FACO0As, DAG and ceramides, elevated muscle [PDE] also has been associated with
461 advancing age, lower resting mitochondrial activity, obesity and insulin resistance (56,
462  61). Using high-resolution *'P-MRS (7 Tesla), the main component of the PDE peak in
463  skeletal muscle has been shown to be glycerophosphocholine (GPC). (61) In the
464  present study we also observed an increase in muscle [PDE] in T2DM versus NGT
465 subjects. (Table 2). Further, muscle [PDE] was closely associated with insulin
466 resistance using both the Matsuda index of insulin sensitivity and insulin resistance
467 index (M/I) during the insulin clamp, as well as with indices of glycemia and [IMCL]
468  (Figure 4). These results suggest that increased [PDE] should be added to the list of
469 intramyocellular metabolites that contribute to insulin resistance in T2DM individuals. In
470 T2DM individuals, [IMCL] was increased and correlated positively with [PCr], while in
471 NGT individuals it correlated negatively with [PCr]. Because diabetic skeletal muscle is
472  resistant to insulin-stimulated glucose uptake (18), it is forced to switch to lipid oxidation
473  in order to generate energy in the form of ATP. This could explain the elevated [IMCL]
474  and positive correlation between [IMCL] and [PCr]. In contrast, skeletal muscle in NGT
475 subjects is normally sensitive to insulin-stimulated glucose uptake and relies upon
476 glucose as its primary energy source. This would explain the negative relationship
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477  between [IMCL] and [PCr] and reduced (compared to T2DM subjects) muscle [IMCL].
478  This study has several limitations. The number of subjects is relatively small, obese
479 non-diabetic subjects were not studied and the age range did not include very young or

480 very old individuals (range = 31-70 years). (5, 21, 37, 44) VO,max was not measured,

481  although all subjects were considered to be sedentary on the basis of a routine exercise
482 questionnaire and no subject participated in a routine or excessively heavy exercise
483  program. A dedicated study to examine the effect of VO,max and exercise training on
484  phosphorus metabolite concentrations in VL muscle would be of great interest (5, 21,
485 38, 44), since the maximum rate of oxygen consumption VOzmax IS reduced in T2DM
486 individuals (43). Further studies examining the relationship between body fat
487  composition/distribution and muscle phosphorus metabolites also would be of interest.
488 Due to the limited size of the biopsy samples, direct measurements of lipid content/type
489 could not be performed and subsarcolemmal and intermyofibrillar fractions were not
490 examined (45). Future studies using the absolute quantitative method to measure PCr
491 recovery time to assess in vivo mitochondrial capacity in combination with measurement
492 of the activity of mitochondrial oxidative enzymes and mMRNA expression of
493  phosphodiesterase and regulators of mitochondrial biogenesis in muscle biopsy
494  specimens would provide additional insights.

495 In summary, using a modified in vivo quantitative imaging method, we have
496 demonstrated that skeletal muscle [PCr] and [ATP] are reduced in T2DM subjects, while
497 [PDE] is increased. Of note, these differences could not be appreciated using the
498 traditional ratio method for in vivo *'P-MRS. The strong correlation between [PCr]

499 versus HbAlc, FPG and measures of insulin sensitivity and beta cell function supports
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500 the concept that lower baseline skeletal muscle [PCr] is related to key determinants of
501 glucose homeostasis. Adoption of precise, quantitative *'P-MRS measurements in
502 metabolic studies will allow this information to substantively contribute to modelling of

503 complex, in vivo metabolic processes in skeletal muscle (12).
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719 FIGURE LEGENDS

720

721  Figure 1. (A) Depiction of **P-MRS experimental set-up based on axial *H-MR image of
722  right leg used to guide placement of MRS slab. Note subject is prone and coil is

723  attached to table to ensure reproducibility of results. (B) Representative *'P-MR spectra
724  from two 54-year-old women. Top: subject with T2DM Bottom: NGT subject. PCr and
725  ATP peaks are noticeably lower in the T2DM skeletal muscle.

726

727  Figure 2. Inverse relationship between [PCr] and hemoglobin Alc (A) and fasting

728 plasma glucose (B). Positive correlation between [PCr] and [ATP] in subjects with NGT
729 and T2DM (C). Weak negative correlation between [PCr] and [PDE] is shown in (D).
730  Subjects with NGT are represented by squares and T2DM subjects by diamonds.

731

732 Figure 3. Relationship between [IMCL] and hemoglobin Alc (A), Matsuda Index of

733 insulin sensitivity (B) and insulin sensitivity index (M/l) measured with the insulin clamp
734 (C) in subjects with NGT and T2DM. [IMCL] was also strongly and positively correlated
735  with [PDE] obtained with **P-MRS. (D) NGT Subjects are denoted by squares and

736  T2DM subjects by diamonds.

737

738  Figure 4. Relationships between [PDE] and hemoglobin Alc (A), fasting plasma glucose
739  (B), Matsuda Index of insulin sensitivity (C), and the insulin sensitivity index (M/I) in

740  subjects with NGT (squares) and T2DM (diamonds).
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742  Figure 5. Significant correlations were observed between mitochondrial density and

743  three phosphorus metabolites: (A) [PCr]: r =-0.67, p = 0.009, (B) [ATP]: r =-0.63, p =
744  0.02, (C) [Pi]: r =-0.61, p = 0.02. Similar correlations were found when each group was
745  examined individually. There was no correlation of [PDE] with mitochondrial density.
746  Subjects with NGT are represented by squares and T2DM subjects by triangles.

747

748  Figure 6. Representative transmission electron micrographs at 15,000x. Left: a NGT (62
749 y.o. Male) subject and Tight: a T2DM (59 y.o. Male) subject showing mitochondria in
750 longitudinal VL muscle fibers. These images are probably of slow twitch fibers, which
751  are characterized by thick Z lines and mitochondria paired along either side in at regular
752 intervals (black arrows). The T2DM sample on the right exhibits large lipid droplets (L)
753  and a less regular mitochondrial arrangement.

754

755  Figure 7. Correlation between [PCr] and [IMCL] in T2DM: r =0.72, p = 0.04 (A) and

756  NGT:r=-0.77, p = 0.02 (B).

757

758  Figure 8. ATP synthesis rate in NGT and T2DM subjects.

759
760
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761

762  Tablel. Clinical characteristics of the participants.

NGT T2DM P-Value
Number 14 11 --
Sex (Males/Females) 717 714 -
Age (years) 47.0+12.8 55.1+11.1 0.14
Diabetes duration (years) NA 3.8t1.5
Weight (kg) 83.1 +13.8 88.6 + 13.1 0.33
BMI (kg/m?) 28.6+3.9 30.8+5.0 0.22
FPG (mg/dl) 93+6 140 + 23 <0.001
HbA1c (%) 5.5+0.3 75+0.7 <0.001
Total Cholesterol (mg/dl) 173+38 17357 0.99
LDL Chol (mg/dl) 99+39 93+41 0.73
HDL Chol (mg/dI) 56+12 3745 <0.001
Triglycerides (mg/dl) 93+63 221+135 0.006
Matsuda Index of Insulin 476 £2.75 1.80+1.18 0.003
Sensitivity
IS/IR Index 5.91+2.95 0.66+0.71 <0.001
TGD (mg/kg.min)* 8.37 £ 2.07 4.39+2.17 <0.001
TGD/SSPI (mg/kg.min) + 4.03+1.52 1.77 + 0.68 <0.001
(uU/mL)
Mitochondrial Density + 0.19 £ 0.04 0.19 £ 0.02 0.96
(mito/pm?)

763

764  IS/IR = Insulin secretion/Insulin resistance (disposition) index

765 TGD = total body glucose disposal; SSPI = steady state plasma insulin concentration
766  *Subset of 12 NGT and 9 T2DM participated in the euglycemic insulin clamp

767 +8 NGT and 6 T2DM subjects had muscle biopsies

768

769
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770

Table 2. Phosphorus metabolites measured by *'P-MRS and intramyocellular
lipid concentration (IMCL) by *H-MRS.

” Parameter NGT T2DM P-Value
[Pi](mM) 2.80 +0.57 2.79+0.41 0.93
[ATP](mM) 7.18+0.6 6.37 + 1.05 0.02
[PCr](mM) 28.6+3.2 24.6+ 2.4 0.002
[PCrconv(MM)” 325+ 1.7 322+4.1 0.82
[PDE](mM) 3.11+0.82 4.04+0.98 0.02
[PDE]conv(mM)” 3.72+1.05 5.35+1.6 0.005
pH 7.00 £ 0.03 7.00 £ 0.05 0.99
[Cr](mM) 21.8+5.6 19.7 £ 2.5 0.28
[ADP](LM) 33+9 31+6 0.45
[ADP]cony (UM)™ 26 +8 35+9 0.03
[IMCL](mmol/kg)™ 6.87 + 1.15 8.99 + 1.46 0.004
772
*[PCr]cony and [PDE]:gny use the ratio of the desired metabolite to the amplitude
of ATP x [ATP], using the assumption that [ATP]cony = 8.2 mM.
**[ADP]cony assumes [ATP]cony = 8.2 mM and [PCr]+[Cr] = 42.5 mM
***Determined in a subset of 9 NGT and 8 T2DM subjects
773
774
775
776
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781 Figure 1. (A) Depiction of **P-MRS experimental set-up based on axial *H-
782 MR image of right leg used to guide placement of MRS slab. Note subject
783 is prone and coil is attached to table to ensure reproducibility of results. (B)
784 Representative **P-MR spectra from two 54-year-old women. Top: subject
785 with T2DM Bottom: NGT subject. PCr and ATP peaks are noticeably lower
786 in the T2DM skeletal muscle.
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792
793  Figure 2. Inverse relationship between [PCr] and hemoglobin Alc (A) and fasting
794  plasma glucose (B). Positive correlation between [PCr] and [ATP] in subjects with NGT
795 and T2DM (C). Weak negative correlation between [PCr] and [PDE] is shown in (D).
796  Subjects with NGT are represented by squares and T2DM subjects by diamonds.
797
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804  Figure 3. Relationship between [IMCL] and hemoglobin Alc (A), Matsuda Index of
805 insulin sensitivity (B) and insulin sensitivity index (M/l) measured with the insulin clamp
806 (C) in subjects with NGT and T2DM. [IMCL] was also strongly and positively correlated
807  with [PDE] obtained with **P-MRS. (D) NGT Subjects are denoted by diamonds and

808 T2DM subjects by circles.
809
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816  Figure 4. Relationships between [PDE] and hemoglobin Alc (A), fasting plasma glucose
817 (B), Matsuda Index of insulin sensitivity (C), and the insulin sensitivity index (M/1) in

818 subjects with NGT (squares) and T2DM (diamonds).
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826  Figure 5. Significant correlations were observed between mitochondrial density and
827 three phosphorus metabolites: (A) [PCr]: r =-0.67, p = 0.009, (B) [ATP]: r=-0.63,p =
828 0.02, (C) [Pi]: r=-0.61, p = 0.02. Similar correlations were found when each group was
829 examined individually. There was no correlation of [PDE] with mitochondrial density.
830 Subjects with NGT are represented by squares and T2DM subjects by diamonds.
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834
835 FIGURE 6
836

837
838

839 Figure 6. Representative transmission electron micrographs at 15,000x. Left: a NGT (62
840 y.o. Male) subject and Right: a T2DM (59 y.o. Male) subject showing mitochondria in
841 longitudinal VL muscle fibers. These images are probably of slow twitch fibers, which
842  are characterized by thick Z lines and mitochondria paired along either side in at regular
843 intervals (black arrows). The T2DM sample on the right exhibits large lipid droplets (L)
844  and slightly less regular mitochondrial arrangement.
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853  Figure 7. Correlation between [PCr] and [IMCL] in T2DM: r = 0.72, p = 0.04 (A) and
854 NGT:r=-0.77,p =0.02 (B)

855

856

44
Revised 02/27/2018

Downloaded from www.physiology.org/journal/ajpendo by % individual User.givenNames} ${ individua User.surname} (121.115.127.231) on March 15, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



857
858 FIGURE 8

859 _
mT2DM
= 80-
= ONGT
DS
£ 2
> O
2 s 40
<g
= 20 -
£
=
Glu Pyr SucR 0.5mM 2mM
860 PCM PCM
861
862 Figure 8. ATP synthesis rate in NGT and T2DM subjects
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