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Abstract

Chemical- or drug-related muscle toxicity, ranging from muscle pain to rhabdomyolysis, is
induced by treatment with various compounds, including antilipidemic and hypocholesterolemic
drugs, anesthetics, immunosuppressants, and proton pump inhibitors. Early detection of skeletal
muscle toxicity is important because it has a critical influence on medical care and drug discovery,
as skeletal muscle toxicity can develop into life-threatening rhabdomyolysis. Aspartate
aminotransferase (AST) and creatine kinase (CK) are widely used as traditional biomarkers for
skeletal muscle disorders. However, novel biomarkers that are superior to the conventional
skeletal muscle biomarkers, AST and CK, or that can be combined with conventional biomarkers
to compensate for the disadvantages of AST and CK are needed because AST and CK have low
sensitivity and specificity. Several new biomarkers, including skeletal muscle troponin I (sTnl),
myosin light chain 3 (Myl13), and fatty acid-binding protein 3 (FABP3), have been recommended for
use with CK to monitor drug-induced skeletal muscle injury. However, several drawbacks are
associated with the use of these biomarkers, including rapid clearance and alteration due to renal
dysfunction. In this study, we performed an unbiased metabolomic analysis of skeletal muscle and
plasma in a rat model of drug- and chemical-induced skeletal muscle injury to identify new
candidate biomarkers with greater sensitivity than conventional biomarkers and examined the

usefulness of the candidate biomarkers.



Chapter 1: Identification of New Biomarkers for Drug-Induced Skeletal Muscle Disorders Using
Metabolomic Analysis

To identify new candidate biomarkers for skeletal muscle toxicity, an unbiased metabolomic
analysis was performed in rats treated with two distinct myotoxicants, cerivastatin (CER) and
tetramethyl-p-phenylenediamine (TMPD). Skeletal muscle toxicity was induced in male Fischer
344 rats through the administration of CER or TMPD and then monitored by using established
endpoints, such as increased plasma creatine kinase (CK) activity and histopathology, and the
metabolomic analysis of skeletal muscle and plasma samples. Plasma CK levels in CER-treated
rats were markedly elevated on Day 11; however, those in TMPD-treated rats showed a
statistically significant decrease at 24 hr after dosing. Light microscopy revealed the presence of
vacuolated or necrotic fibers in all CER-treated rats on Day 11, with slightly vacuolated fibers
observed in TMPD-treated rats at 6 and 24 hr after dosing. Metabolomic analysis of the rectus
femoris indicated increases in 2-hydroxyglutarate (2HG) in CER-treated rats and
hexanoylcarnitine in CER- and TMPD-treated rats. Increases in plasma 2HG were also observed
in CER-treated rats on Days 8 and 11 and in TMPD-treated rats at 24 hr after dosing, and
increases in plasma hexanoylcarnitine were observed in CER-treated rats on Day 11 and in
TMPD-treated rats at 6 and 24 hr after dosing. These experiments demonstrated the potential of
plasma 2HG and hexanoylcarnitine as specific and easily detectable biomarkers for skeletal
muscle toxicity in rats and demonstrated the value of metabolomics for biomarker detection and

identification in toxicological studies.

Chapter 2: A Study on the Usefulness of Plasma 2HG as a New Biomarker for Skeletal Muscle
Disorder

We have demonstrated the potential of plasma 2HG as an easily detectable biomarker for
skeletal muscle injury in rats. Therefore, we examined whether plasma 2HG was superior to
conventional skeletal muscle damage biomarkers, including aspartate aminotransferase (AST),
CK, and skeletal muscle-type CK isoenzyme (CK-MM) levels, in rats. Skeletal muscle injury was
induced in 4- and 9-week-old male Fischer 344 rats by CER or TMPD administration. Plasma 2HG
levels were measured on Days 4, 8, and 11 (CER group) and at 6 and 24 hr post administration
(TMPD group). Plasma AST, CK, and CK-MM activities and histopathological changes in the
rectus femoris muscle were evaluated as the study endpoints. In the CER group, AST, CK, and
CK-MM increased in 4- and 9-week-old rats; in contrast, increases in CK (4- and 9-week-old rats)

and CK-MM (4-week-old rats) were not obvious in the TMPD group. In both 4- and 9-week-old rats,



plasma 2HG increased on Day 8 and at 24 hr post administration in the CER and TMPD groups,
respectively. Histopathological analysis revealed myofiber vacuolation and necrosis in both groups.
The histopathological damage to the rectus femoris muscle was more severe in the CER group
than in the TMPD group. Increased plasma 2HG was associated with CER- and TMPD-induced
skeletal muscle injuries in rats and was not affected by age differences or repeated blood collection.
The results suggested that plasma 2HG was superior to CK and CK-MM as a biomarker for mild

skeletal muscle injury.

The present study showed the elevation of 2HG and hexanoylcarnitine levels in muscle and
plasma in a rat model of CER- and TMPD-induced skeletal muscle injury. Plasma 2HG increased
prior to histopathological changes in skeletal muscle or the elevation of plasma CK in CER-treated
rats. Further, the increases in plasma 2HG and hexanoylcarnitine were accompanied by
histopathological changes, even when the plasma level of CK did not change. These results
suggested that 2HG and hexanoylcarnitine may be novel plasma biomarkers for skeletal muscle
damage. Subsequently, we measured the plasma concentrations of 2HG in rats with skeletal
muscle injury and compared those with the levels of conventional biomarkers, such as AST, CK,
and CK-MM, to evaluate the potential of plasma 2HG as a biomarker for skeletal muscle toxicity.
Plasma 2HG was a more sensitive biomarker than CK and CK-MM in TMPD-induced mild
skeletal myopathy. Furthermore, no differences were noted between younger and older rats or
after repeated blood collection. These results suggested that plasma 2HG may serve as a
promising novel biomarker for skeletal muscle toxicity.

However, the organ or species specificity of plasma 2HG as a biomarker for muscle injury is not
known. In addition, to establish 2HG as a biomarker for skeletal muscle disorders, it is necessary
to perform a thorough comparison of plasma 2HG with other skeletal muscle injury biomarkers in
terms of sensitivity, organ specificity, species difference and sex difference. The present study
provided new and valuable evidence about 2HG as a biomarker for skeletal muscle disorders, and
the results of this study will provide useful basic information for biomarker research for skeletal

muscle disorder.



MXEEDERDES

1. BRXAS

AFRIIT BHGES 7 v MBI DB BRBEE DN, I~ — I —RRIET DD TH D,
R X, EA D =X LN R D 2 oOLEY (2 ) XA X F | tetramethyl-p-phenylenediamine

(TMPD) ) T7 v MIBEBBEELZFHE L. FRHHE LMD X 2R I 7 ZMHTIC L > T
tF 2-hydroxyglutarate (2HG) I J O hexanoylcarnitine % it L7z, TMPD (T K %88 728 ¥ e
EIZB WL ET 2HG 3 L O hexanoylcarnitine [ L 7= DI % L C BEFE D B AR E~ —h —
Th27L7Frxr—€ (CK) [FHMLARAN-72 2 LAs, MiEd 2HG #5 & OF hexanoylcarnitine
L CK LV bmkER~—H—ThorZ L EZW LN LT,

RICHEEEIE, I b RU T OMREREICEES 5 Z L 3mb6hT% 2HG ICFH L, Ml
2HG O FEIEMHIEENA A~ —T—& L TOH ML LR 2HG I OB HiREEIC BN T
CK B LU CK-MM (EHAICAFRANRET S CKT7 A YA L) LV bRBETHD 2 &, Wi
BIOKERLOEERNA LN EEH LML, BEFHHCA e~ — 5 —Th 5l fetk &R
TH LW RLE 572,

2. WXBEE

1) 7—~DkTH

HEEE L, BHOEEZ v b2 AW A Z AR e I 7 AP REEAA A~ — I —RBIZAHEE 2
HELBHIT, BFEOY—I— 8 bEERRL, N A —h—ICEEN DR A LIS R
VA —EFERT L LRI A S SO RER R RENWE BT,

2) WHEDH

IR, EFREMBAFEOMINERIIE T L TEBY | BR TORAMMESLZEMZIERR TTHT L2 &N
ML 2o TS, PTHIEYICK D BEHEMEETEET D EMICEbLL, BFOFKEMHEE~—
TR SE S O RMENME LS, HEENRR 2 Y = T ATHO A, v — D —RERTHOITEY
Bzl EmEE~ — A —OLEMEICER LT,

3) IO ik

HFEEIL 2 IORRIBFIC L > TERMBELFARETLIWEL 7 v MNURE L TERHEE D
FEAEH L, BB LOMED X ¥ Ra I 7 2T K > TS A~ — T — iz i L. A A%
Z Rl L7z,

4) FFROFER

AR TR LN ERRBIILL T OEY Th D, ORA X R I 7 AFEHTIZ K0 i 2ok i
~—h—fEi & LT 2HG # L L7z, @2HG 1%, CK & XU CK-MM 230 L 727> > T2 i O 4%
AREEICB W T O L, RELRILIC X 28003 X OSEERNIC X 5208 bk o1z,

P4



5) BEL LR

HiEH T b R T OREREICEET 2 Z EAM LN TV D 2HG (TR E O F i EEICR
WT CKIB L CK-MM L0 B il E O 3 @O e i B i e S~ — 0 —12 e 2 L BR LT,
FREIEIRL LT —F 7 7 7 FOERBICEIRT 2 A~ — I —Th D Z LRI,

6) 5lHGm
+53 o UNZ BEER LAY S S v Tz,

WILOWE L FERCORRIKT DEEEEET 5 & ATROIE « Hi - WCIRHIC 3
H B DA ERN R R A o7 2 & AR - WA TS Z LR B,

3. EERR
VLED NG, Kimsididit (BRIES) Oz HiEd 21 2 il 5 & flr L7,




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


