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20  Abstract

21 Muscle wasting and diminished physical performance contribute to the morbidity and
22 mortality of chronic kidney disease (CKD), for which no curative therapy exists.
23 Accumulating evidence indicates that impaired angiogenesis occurs in the muscles of

24 CKD models. Pro-angiogenesis therapy is therefore considered a potentially effective
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25  strategy for limiting CKD-associated myopathy. The hypoxia inducible factor-prolyl
26 hydroxylase inhibitor (HIF-PHI) stabilizes HIF and enhances muscle angiogenesis
27  during acute ischemia, however, little evidence was available from CKD models.
28  Here, we assessed whether the pharmacological activation of HIF by MK-8617 (MK),
29 a novel orally active HIF-PHI, improves CKD-associated myopathy. Mice were
30 divided into Sham or CKD groups, and CKD mice were subdivided into CKD +
31  vehicle or MK-treatment groups (1.5, 5 or 12.5 mg/kg for 12 weeks). In CKD mice,
32 skeletal muscle mass, mitochondrial amount and exercise capacity decreased
33  compared to Sham mice. Compared to the CKD + vehicle group, low (1.5 mg/kg) and
34  medium (5 mg/kg) dose, but not high, significantly restored these changes and was
35 accompanied by incremental increases in HIF-1a. Furthermore, increased capillary
36 density and area were observed in a MK dose-dependent manner, which is likely
37 related to an improved VEGF response in the skeletal muscle of CKD mice. In
38  addition, macrophage and pro-inflammatory cytokines, including monocyte
39  chemoattractant protein 1 (MCP-1), tumor necrosis factor (TNF-a) and interleukin 6
40  (IL-6), significantly increased in the high dose MK group. These results indicate that
41  HIF-PHI provides a potential therapeutic strategy to improve CKD-associated
42 myopathy.

43 Key-words: HIF-PHI, CKD-associated myopathy, angiogenesis, inflammation

44

45  Introduction

46 Muscle wasting and diminished physical performance are common
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47  complications in chronic kidney disease (CKD), and strongly correlate with all-cause
48  mortality of CKD (24, 30). Regarding to the complex mechanisms of myopathy
49  induced by CKD, the abnormalities in the capillary bed of the skeletal muscle play an
50 important role (4, 6, 25). To date, effective treatments for CKD-associated myopathy
51  are lacking.

52 Hypoxia inducible factor (HIF) is a a/B heterodimeric transcription factor. It is
53  constitutively expressed under well-oxygenated conditions, in which the prolyl
54  hydroxylases (PHDs) can degrade it (17). However, under low oxygen conditions, the
55  activity of PHDs is limited, and stabilized HIF transactivates multiple pro-angiogenic
56  genes, including vascular endothelial growth factor (VEGF) (18), VEGF receptor 1
57 (VEGFRUFLT-1) (15), and erythropoietin (EPO) (14).

58 Recent studies have reported that stabilized HIF induced angiogenesis in acute
59 ischemia skeletal muscles in animal models (22, 26). In addition, previous evidence
60 indicates that generation of new vasculature can strongly enhanced skeletal muscle
61  regeneration in response to fiber injury in mice (21, 28). However, the effects of HIF
62  stabilization on muscle in CKD-associated myopathy models have not been explored.
63 HIF-PHD inhibitors (HIF-PHIs) provide a pharmacological approach to stabilize
64  HIF, and are undergoing clinical (and preclinical) trials for the treatment of CKD
65  associated anemia (3, 27). We therefore tested the hypothesis that PHI would improve
66  the impairment of muscle in CKD models. In this study, we used a range of doses of
67 MK-8617 (MK) , which is a novel identified, orally active HIF-PHI, induces the

68  stabilization of HIF-a through the inhibition of PHD 1-3 (5), to treat CKD mice for 12
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69  weeks, focusing on changes in exercise capacity, muscle mass, mitochondria amount,
70  angiogenesis and inflammatory status.

71 Materials and Methods

72 Animals

73 All animal procedures were approved by the Jiang Su Animal Care and Use
74 Committee. C57BL/6J mice (5 weeks, male) were purchased from Vital River
75  Laboratory Animal Technology Co., Ltd (Beijing, China) and were housed at a
76  constant temperature with a 12-h light-dark cycle. All mice were provided free access
77 to food and water.

78 CKD mice were produced through 5/6 nephrectomized (5/6 Nx) operations
79  according to previous studies (32). The left kidney was initially decapsulated via left
80 flank incision to avoid ureter and adrenal damage, and the upper and lower poles were
81 resected. Bleeding was controlled through microfibrillar collagen (Avitene; Davol,
82  Warwick, RI) and the upper and lower poles were weighed. After 1 week, the entire
83  right kidney was decapsulated and removed via right flank incision. Sham-operated
84  mice underwent surgery without damaging the kidneys.

85  Study Design

86 Twelve-week oral administration studies were performed with MK in mice. MK
87  was obtained from Selleck Chemicals Inc. (Houston, USA). At 8 weeks after final
88 surgery, CKD mice (n=6-8 per group) received vehicle [DMSO/PEG400/water

89  (5:40:55, v/v/v)] or MK (1.5, 5 or 12.5 mg/kg in vehicle) by gavage once daily, and
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90  Sham-operated mice (n=6) received gavage of vehicle once daily alone. Body weights
91  were measured daily.

92 At 18 weeks, spontaneous motor activity and maximum hanging times were
93  evaluated for all mice. After 2 weeks, muscle samples were collected from mice under
94  anesthesia and weighted. Isolated muscle was mounted using tragacanth gum and
95  snap frozen in liquid nitrogen-cooled 2-methylbutane. Samples were stored at —80°C.
96 (See Figure | for the timelines.)

97  Serological parameters

98 Serum creatinine (C011-2, Jiancheng, Nanjing, China), blood urea nitrogen
99 (BUN) (CO013-2, Jiancheng, Nanjing, China) and hemoglobin (Hb) (A028-2,
100  Jiancheng, Nanjing, China) levels were measured using commercial kits as per the
101  manufacturer’s protocols. Serum EPO (E-EL-M0027¢ 96T, R&D Systems,
102  Minneapolis, MN) was measured using commercially available ELISA kits.

103  Behavioral tests

104 When performing the behavioral tests, experimental conditions were strictly
105  controlled to minimize variation. Littermates were randomized across experimental
106  groups. Animals were assessed by the same operator, who was blinded to the
107  experimental groups. To control for odors and noises, tests were performed at the
108  same time and day each weekday in the same room.

109  Open field tests

110 At the end of week 18, spontaneous motor activity was examined using open

111 field apparatus for all mice. Briefly, each mouse was placed in the center of the open
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112 field chamber (dimensions of 50 cm % 50 cmX 60 cm) and allowed to move freely for
113 5 min. A movement analysis system (Stoelting, IL, USA) was used to dissociate the
114  activity time (s) and the total distance travelled (cm).The average speed (cm/s) was
115  calculated by dividing the total distance travelled by the activity time. Between each
116  trial, the chamber was wiped clean and dried.

117 Four limb hanging test

118 The maximum hanging time with four limbs was performed using previously
119  described protocols (1). Animals were placed onto the lids of large cages and grids
120  were positioned 25 cm above the soft bedding to prevent the mice from falling and to
121 discourage them from intentionally jumping off the grid. The grid was secured so to
122 remain stable and not impede the performance of the mice. Mice were placed on the
123 grid and allowed to grasp it with all four paws. The grid was inverted so that the mice
124  were hanging. The test session ended if mice were able to hang for 600 s. Mice that
125  fell off the grid earlier were permitted a maximum of two further attempts.

126  Muscle immunohistochemistry

127 Factors influencing running and hanging times are multifactorial, including not
128  only actual muscle strength but also animal motivation. Therefore, we detected the
129  pathomorphism of the muscle to evaluate changes in the muscle itself. Only the
130 mid-belly of each tibialis anterior muscle was used for histological studies,
131  corresponding to one-third of the total muscle bulk. Hematoxylin and eosin (H&E)
132 staining were performed as previously described (20). Succinate dehydrogenase (SDH)

133 staining utilizing the activity of SDH, an enzyme of the mitochondrial respiratory
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134  chain, were used to distinguish oxidative and non-oxidative fibers, which are indirect
135  indicators of mitochondrial content, performed as previously described (13).

136 For immunohistochemistry, serial transverse 10-pum-thick cryosections were
137 fixed with 4% formaldehyde and blocked in 5% fetal calf serum for 30 min. Sections
138  were probed with primary anti-F4/80 (ab6640; Abcam) overnight at 4°C and labeled
139 using a catalyzed signal amplification system and biotinylated secondary
140  anti-mouse/rabbit antibodies (EliVisionTM super kit) for macrophage detection. For
141 immunofluorescence analysis, primary anti-CD31 antibodies (ab28364; Abcam) were
142 used for capillary detection; anti-sarcoglycan (ab49811; Abcam) antibodies were used
143 for muscle fiber detection; and anti-myosin heavy chain type A (SC-71;
144  Developmental Studies Hybridoma Bank), IIX (6H1; Developmental Studies
145  Hybridoma Bank), and I1IB (BF-F3; Developmental Studies Hybridoma Bank) were
146  used to detect fiber isoforms. All antibodies were incubated overnight at 4°C.
147  Secondary antibodies for CD31 (ab150105; Abcam), Sarcoglycan (ab150075; Abcam)
148  and Myosin heavy chain type (ab150075; Abcam) were incubated in the dark for 1 h
149  at room temperature. Cell nuclei were stained with DAPI. Fluorescent images were
150 obtained on an Olympus FV-1000 confocal microscope (Olympus, Japan) and
151  non-fluorescent images were obtained on a Light Olympus BXS51 microscope
152 (Olympus, USA).

153  Transmission electron microscopy

154 To identify mitochondrial distributions in the muscle fibers, quadriceps were

155  sliced into 1 mm’ sections and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate
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156  buffer (pH 7.4, 4°C, 48 hr). Tissue blocks were transferred to 1% osmium tetroxide in
157 0.1 M sodium cacodylate (PH 7.4) for 2 h, and stained in 2% aqueous uranyl acetate
158  for a further 2 h. Following dehydration, tissue blocks were embedded in epoxy resin
159  (Durcopan, Roth, Germany) and ultrathin sections of 40 nm thickness were cut using
160 a Leica UC6 ultramicrotome (Leica, Wetzlar, Germany). Images were obtained on a
161  H-7650 electron microscope.

162  Digital image analysis and morphometrics

163 Morphometry was performed by a single observer, blinded to the identity of the
164  samples. An average of 10 frames were measured from each tissue section. A total of
165  five hundred fibers per section were used to quantify the cross-sectional area (CSA)
166 and SDH-positive fibers from three sections per animal were analyzed using
167  Image-Pro Plus software (Media Cybernetics). SDH staining of muscle transverse
168  sections were analyzed using ImageJ software (National Institute of Health). For the
169  quantification of macrophages in muscle tissue slices, the average number of F4/80"
170  macrophages per millimeter square as counted from random images.

171 Capillaries were automatically counted after threshold mapping using Image-Pro
172 Plus software. We measured the capillary area by analyzing the percentage of
173 fluorescent pixels within each image for CD31, which was related to the percentage of
174  fluorescent pixels for Sarcoglycan-y within each image. Analysis of the capillary
175  profiles included the capillary-to-fiber ratio and the mean capillary area.

176  RNAisolation and, gPCR
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177 Total RNA from frozen gastrocnemius muscles was extracted by TRIzol (Takara)
178  and precipitated in isopropanol. RNA quality and quantity were verified using a
179  Nanodrop 2000 bioanalyzer (Thermo Scientific). Approximately, 4ug of RNA was
180 reverse transcribed to cDNA using PrimeScript RT kits (Takara). Reactions were
181  performed for 15 min at 37°C, 5 sec 85°C.

182 SYBR Green real-time quantitative PCRs (qQRT-PCR) were performed using an
183  ABI PRISM 7300 real-time PCR System (Applied Biosystems). VEGF, VEGF-R,
184  monocyte chemoattractant protein 1 (MCP-1), tumor necrosis factor a (TNF-a) and

2722 hethod and normalized

185 interleukin 6 (IL-6) expression was calculated using the
186  to P-actin. Primers were designed using Primer Express 3.0 (Applied Biosystems).

187  Relative expression was normalized to B-actin levels. Specific primer sequences were

188 as follows: VEGF-A(F) TCCTCTCCTTACCCCACCTCCT, VEGF-A(R)

189 CTCACACACACAGCCAAGTCTCCT, VEGF-RI1(F)
190 ATTGAAAGAGTCACAGAGGAGGA, VEGF-R1(R)
191  GAGTTAGAAGGAGCCAAAAGAGG, VEGF-R2(F)
192  GCACTCTCCACCTTCAAAGTCTCAT, VEGF-R2(R)

193  GTATTCCCCTTGGTCACTCTTGGTC, MCP-1(F) CATCCACGTGTTGGCTCA,
194  MCP-1(R) GATCATCTTGCTGGTGAATGAGT, TNF-o(F)
195 TCTTCTCATTCCTGCTTGTGG, TNF-a(R) GGTCTGGGCCATAGAACTGA,
196 IL-6(F) GATGGATGCTACCAAACTGGAT and IL-6(R)

197 CCAGGTAGCTATGGTACTCCAGA.

Downloaded from www.physiology.org/journal/ajprenal at Univ of Cal San Francisco Kalmanovitz Lib (132.174.255.215) on October 8, 2019.



198 The PCR conditions were as follows: 95°C for 30 s; 95°C for 5 s, 60°C for 31 s,
199  for 40 cycles; 95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s.

200 Western blot analysis

201 Tissues from the gastrocnemius muscle were homogenized using RIPA lysis
202  buffer supplemented with 10mM NaF, 1mM Na3;VO,, 1 mM phenylmethylsulfonyl
203  fluoride and protease inhibitors (Roche, Indianapolis, IN, USA) for 30 min on ice.
204  Lysates were centrifuged at 15000 rpm for 30 min at 4°C and protein concentrations
205 were determined through BCA assays (Thermo Scientific, USA). Equal protein
206  concentrations were resolved on 12% SDS-PAGE gels and transferred to
207  nitrocellulose membranes. Membranes were blocked in 5% milk TBST (20 mM
208  Tris-HCI, 150 mM NaCl, pH7.6) containing 0.1% (vol/vol) Tween 20 at room
209 temperature for 1 h. Membranes were probed with primary antibodies in blocking
210  solution overnight at 4°C and labeled with anti-HIF-la (ab2185; Abcam),
211  anti-VEGF-A (ab1316; Abcam) and anti-GAPDH (CWO0100M, CWBio, China)
212 antibodies. Membranes were labeled with the appropriate HRP-conjugated secondary
213  antibodies and visualized using enhanced chemiluminescence detection reagents
214  (Millipore, Billerica, MA, USA). The levels of phosphorylated proteins were
215  calculated relative to total protein expression or actin using Imagel software.

216  Statistical analyses

217 Groups were compared using unpaired t-tests. The means for each group were
218  compared through an analysis of variance followed by Tukey’s multiple comparisons.
219 P <0.05 was considered statistically significant.

10
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220 Results

221 MK ameliorates spontaneous motor activity, maximum hanging times and muscle
222 atrophyin CKD mice at low or medium dose

223 Serum creatinine (SCr) and blood urea nitrogen (BUN) significantly increased in
224  CKD + vehicle mice compared to Sham + vehicle mice (Table 1), indicating
225  successful production of the CKD model.

226 As previously reported (9, 11), HIF-1a levels were significantly lower in the
227  gastrocnemius muscle of CKD + vehicle mice compared to Sham + vehicle mice
228  (Figure 2A). As predicted, the expression of HIF-1a increased in a dose-dependent
229  manner in mice treated with MK (Figure 2A).

230 The running speed and maximal hanging time of CKD + vehicle mice
231  significantly declined compared to Sham + vehicle mice (Figure 2B-C). Furthermore,
232 a significant reduction in both body and muscle weight of CKD + vehicle mice was
233 observed (Table 1). H&E staining of the myofiber cells indicated a reduction in size in
234 the tibialis anterior (TA) muscles of CKD + vehicle mice (Figure 2D). Quantification
235  of the myofiber size revealed an increase in the proportion of smaller myofibers and a
236  reduction in the proportion of larger myofibers in CKD + vehicle mice (Figure 2E).
237  The mean fiber area significantly decreased in CKD + vehicle mice either (Figure 2F).
238  These deteriorations were suppressed by the administration of low (1.5 mg/kg),
239  medium (5 mg/kg), but not high (12.5 mg/kg) doses of MK (Figure 2B-F).

240 The number of mitochondria-rich oxidative fibers significantly decreased in
241 CKD + vehicle mice (Figure 3A-B, Supplemental Figure SI1

11
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242 https://figshare.com/s/979700db0c1{f7419199). Electron microscopy showed that the

243  mitochondrial numbers decreased and mitochondrial hypertrophy was evident in the
244  muscles of CKD + vehicle mice (Figure 3D-F). The number of oxidative fibers and
245  mitochondria significantly increased in response to low, medium, but not high MK
246 dose (Figure 3A-B, Supplemental Figure S1

247  https://figshare.com/s/979700db0c1ff74f9199).  Furthermore, a reduction in

248  mitochondrial size was observed at all MK doses (Figure 3A-F).

249 MK promotes angiogenesisin the skeletal muscle of CKD mice

250 Capillary density and area significantly increased in CKD mice administrated
251 MK (Figure 4A-C). Higher levels of VEGF-A and lower levels of VEGF-R1/2 were
252 observed in the muscles of CKD + vehicle mice (Figure 4D-G). Intriguingly, high
253  doses of MK, but not low or medium dose increased VEGF-A expression at the
254  mRNA and protein level (Figure 4D, G). Low, medium and high MK doses also
255  enhanced the expression of VEGF-R1 in CKD mice (Figure 4E). The serum levels of
256  EPO also significantly increased in MK treated CKD mice (Table 1).

257  High dose of MK promote inflammation in the muscles of CKD mice

258 As shown in Figure 5A-B, high dose of MK increased the number of
259  macrophages infiltration to the muscles. Furthermore, the levels of MCP-1 (Figure
260 5C), IL-6 (Figure 5D) and TNF-a (Figure 5E) remarkably increased in the muscles of
261  CKD mice administered high dose of MK.

262 Discussion

263 This study confirmed that skeletal muscle mass and exercise capacity are

12
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264  severely reduced in the presence of impaired kidney function. Furthermore, we
265  showed that muscle impairment can be ameliorated by stimulating the HIF system,
266  which may be related to promoted angiogenesis in skeletal muscle of CKD mice.
267  Taken together, our findings demonstrated that HIF-PHI might be a promising
268  therapeutic agent for improving CKD-associated myopathy.

269 Muscle wasting and diminished physical activity are common during the early
270  stages of CKD (12, 30). Tamaki et al. found that young CKD mice (16-20 weeks, 9—
271 13 weeks after 5/6 Nx operation) had decreased muscle mitochondria and exercise
272 capacity but preserved muscle volume (29). Older mice (48-52 weeks, 41-45 weeks
273 after 5/6 Nx operation) lost muscle volume and exercise capacity, in addition to a loss
274  of skeletal muscle mitochondria (8, 29). In contrast, significantly lower HIF-1a
275  expression and capillary density were observed in the skeletal muscle of mice during
276  early (4 weeks after 5/6 Nx operation) and persistent CKD stages (12 weeks after 5/6
277  Nx operation) (2, 9-11). In this study, we examined an intermediate stage of CKD
278  mice (20 weeks after 5/6 Nx operation) and compared their characteristics to Sham
279  mice. We found that the exercise capacity of the mice significantly declined and
280 muscle weights significantly decreased. In addition, muscle HIF-la levels
281  significantly decreased. The number of mitochondria significantly decreased and was
282  accompanied by mitochondrial hypertrophy, whilst both the capillary density and area
283  decreased. The administration of MK to the CKD mice significantly increased muscle
284  HIF-1la levels and restored exercise capacity, muscle mass, the levels of mitochondria
285 and mitochondrial hypertrophy at specific doses. These findings suggest that the

13

Downloaded from www.physiology.org/journal/ajprenal at Univ of Cal San Francisco Kalmanovitz Lib (132.174.255.215) on October 8, 2019.



286  administration of HIF-PHI may aid the recovery of impaired CKD muscle.

287 The potential mechanism(s) underlying these changes are complex and
288  multifactorial. Our findings showed that daily MK administration for 12 consecutive
289  weeks promoted muscular angiogenesis in CKD mice potentially through the
290 activation of HIF-regulated pro-angiogenic factors, including VEGF-A, VEGFR1 and
291 EPO (18, 26). It is well known that any increase in muscle capillarity is important in
292  enhancing oxygen delivery and removal of metabolites to/from tissues, which can
293  enhance the function of muscle (21, 28). Thus, the amelioration of impaired CKD
294  muscle may be related to the improved muscular angiogenesis. On the other hand,
295  Yang et al. showed that augmentation of HIF activity accelerated muscle stem cell
296  self-renewal in hypoxic environments (31). In addition, improvement of renal
297  function accompanied by a reduced production of uremic toxins improved
298  CKD-induced muscle atrophy and contributed to improved exercise capacity (8).
299  Moreover, the whole body angiogenesis could also been improved and contribute to
300 improved performances in the open field test and limb hanging test. Further
301 investigation will be necessary to delineate the full spectrum of contributing
302  mechanisms.

303 Interestingly, we found that IL-6 was increased in the high dose MK group. The
304  effects of IL-6 on muscle wasting in CKD are controversial (7, 16, 23). In several
305  studies, it has been reported that IL-6 induced muscle wasting (7), whilst others
306 demonstrated that IL-6 facilitated local immune cell infiltration which in turn
307 upregulated IGF-1 to limit muscle wasting in CKD models (16). Moreover, Raj et al.

14
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308 found that increased IL-6 was associated with increased muscle protein synthesis
309  during hemodialysis in patients with end-stage renal disease (23). Therefore, the effect
310  of increased IL-6 expression in high doses of MK on skeletal muscle needs to be
311  further investigated in the present models.

312 Recently, Debenham et al. evaluated the off target activity of MK to establish
313 specificity (5). In vitro, they demonstrated that MK was a significant inhibitor of
314 PHD 1-3, and the IC50 was 1.0, 1.0 and 14 nM, respectively. MK was inactive when
315 IC50 > 60 uM against the cytochrome p450 enzymes, as well as other 171
316 radioligand binding and enzymes when screened at 10 uM. In addition, no off-target
317 effects were reported when mice received a daily single oral dose of 5 or 15 mg/kg
318 for MK (5). These data suggested that MK has very good selectivity for PHDs both
319 in vitro and in vivo. Based on the above data, we speculated that in normal mice,
320 PHDs were specific targets of MK, although the off-target effect of MK in Sham
321 mice needs to be further confirmed.

322 In summary, we demonstrated that HIF-PHI is a powerful angiogenic
323  pharmaceutical agent that can prevent muscle atrophy in CKD mice. Despite this
324  potential, harmful side effects can occur and optimal therapeutic doses must be
325 identified. Further studies are now required to dissect the molecular mechanism(s)
326  regulating the effects of HIF-PIH and the translation of these findings to human
327  studies.
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458  Figure Legends

459  Figure 1. Schematic evaluating the effects of different MK doses on CKD mice.
460  C57/6] mice (&3, 5 weeks) were produced through a two-step surgical process.
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461  Eight-weeks after surgery, mice were assigned to Sham + vehicle
462  [DMSO/PEG400/water (5:40:55, v/v/v)], CKD + vehicle, CKD + 1.5 mg/kg, 5 mg/kg
463  or 12.5 mg/kg MK groups, respectively. After 18 weeks of surgery, behavioral tests
464  were performed. Two weeks after the behavioral tests, mice were sacrificed, and
465  blood and skeletal muscle tissue were collected.

466  Figure 2. MK ameliorates the running speed, maximal hanging time and muscle
467  mass in CKD mice at a low or medium doses.

468  (A) Effects of MK on HIF-1a expression in gastrocnemius muscle samples. Running
469  speed (B) and maximal hanging time (C) in CKD mice treated with or without MK.
470 (D) H & E staining of TA muscle. Scale Bar=50 um. (E) Distribution of the myofiber
471 CSA in TA muscles from CKD mice treated without or with MK. (F) Mean fiber areas
472 of TA muscles. Data are expressed the mean + standard error of the mean (n =6-8). *p
473 <0.05, **p <0.01 versus Sham + vehicle group; Ap <0.05, A Ap <0.01 versus CKD
474  + vehicle. CKD, chronic kidney disease; MK, MK-8617; CSA, cross sectional area;
475  H&E, Hematoxylin and eosin; TA, tibialis anterior.

476  Figure 3. MK improves mitochondrial numbers and muscle size in CKD mice.
477  (A) SDH staining of TA muscle. Scale Bar =50 um. (B-C) SDH-positive fibers (dark
478  color fibers), (B) and SDH density (C) of TA muscle in CKD mice treated with or
479  without MK. (D) Electron microscopic observations of the quadriceps muscles.
480  Arrows: mitochondria. Scale Bar =1 um. (E) Quantification of mitochondrial density.
481  (F) Quantification of mitochondrial size. Data are the mean =+ standard error (n =6-8).
482  *p <0.05, **p <0.01 versus Sham + vehicle group; Ap <0.05, A Ap <0.01 versus
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483  CKD + vehicle mice. CKD, chronic kidney disease; MK, MK-8617; SDH, succinate
484  dehydrogenase; TA, tibialis anterior.

485  Figure 4. MK improves angiogenesis in the skeletal muscle of CKD mice.

486  (A) CD31 (red) and sarcoglycan-y (green) staining of TA muscle in Sham-operated
487  mice and CKD mice with or without MK. Scale Bar =40 um. Capillary density (B)
488 and mean capillary area (C) in TA muscle. mRNA expression of VEGF-A
489  (D),VEGF-R1 (E) and VEGF-R2 (F) were measured by qRT-PCR. (G) VEGF-A
490  expression assessed by western blot analysis. Data are the mean + standard error (n
491  =6-8). *p <0.05, **p <0.01 versus Sham + vehicle group. Ap <0.05, A Ap <0.01
492 versus CKD + vehicle mice. CKD, chronic kidney disease; MK, MK-8617; SDH,
493  succinate dehydrogenase; TA, tibialis anterior.

494  Figure 5. High doses of MK induce inflammation in the skeletal muscle of CKD
495  mice.

496  (A) Macrophage infiltration in the TA muscle using F4/80 antibodies. Arrows:
497  macrophages. Scale bar =20 pum. (B) Quantification of macrophage density in TA
498  muscle. mRNA expression of MCP-1 (C), IL-6 (D) and TNF-a (E) measured by
499  gRT-PCR. Data are the mean * standard error (n =6-8). *p <0.05, **p <0.01 versus
500 Sham + vehicle group. Ap <0.05, A Ap <0.01 versus CKD + vehicle mice. CKD,

501  chronic kidney disease; MK, MK-8617; TA, tibialis anterior.
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Table 1 Compare of serological parameters, body and muscles weights among Sham+vehicle,

CKD+vehicle mice and MK treated mice.

Sham + vehicle CKD
vehicle MK MK MK

1.5mpg Smpg 12.5mpg
BUN(mg/dL) 11.3+0.2 25543.5°  21.0+1.4¢ 20.2+0.8¢ 30.4+1.4¢
SCr(mg/dL) 41.4+1.6 82.0£6.2°  64.6+2.0° 62.7+5.5¢ 91.1+5.4°
Final BW(g) (at 20 weeks) 30.5+2.4 23.5+1.7°  27.242.0° 26.9£1.1° 22.042.5
Tibialis anterior (mg) 41.4+4.0 27.8+2.4° 355430 37.3+3.1¢ 27.6+2.1
Gastrocnemius (mg) 1222478 782+6.1° 104.5+£6.7¢ 108.9+8.3¢ 78.8+4.5
Serum EPO (pg/mL) 28.6+6.5 39.7+7.4 85.7+7.8¢ 100.4+8.2¢ 86.1+7.4¢
Hb (g/L) (at 8 weeks) 79.142.2 59.9+4.6°  59.5+3.4 58.144.7 58.4+3.1
Hb (g/L) (at 20 weeks) 77.742.6 53.842.1°  71.7+2.5¢ 71.843.2¢ 66.5+1.6¢
Change in Hb (g/L) -1.4+0.9 -4.342.3° 10.3+1.84¢ 14.842.349 7.5£1.0¢

relative to week 8

Data are expressed as the mean + standard error of the mean.

p < 0.05, °p < 0.01 compared with Sham+vehicle.

p <0.05, %p < 0.01 compared with CKD+vehicle..

CKD, chronic kidney disease; Sham, sham-operated mice; MK, MK-8617; BUN, blood urea nitrogen;

SCr, serum creatinine; BW, body weight; EPO, Erythropoietin; Hb, hemoglobin.
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