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Abstract Metabonomic analysis is a powerful tool for
identifying and characterizing metabolic disorders, for
example type 2 diabetes and the metabolic syndrome.
Nuclear magnetic resonance (NMR) spectroscopy is an
essential tool for such analysis, with special benefits. The
review assesses the current status and potential of NMR-
based metabonomics of type 2 diabetes. The horse is
proposed as a possible model for studying this condition
and disease. Some examples are shown of horse blood
analyses by NMR.
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Introduction

Type 2 diabetes (non-insulin dependent diabetes mellitus,
NIDDM) has been described as an “epidemic” of contem-
porary society. There will be an estimated 221 million
diabetics worldwide in 2010 and that number will expand
to 300 million by 2025 [1]. Only recently has the medical
profession realized that NIDDM is not an isolated disease
entity but is, instead, part of a more general metabolic
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disorder (“Metabolic Syndrome”) [2]. Persons affected with
metabolic syndrome usually have glucose intolerance,
insulin resistance, central obesity, high blood pressure,
and dyslipidemia (abnormally high lipid concentrations in
the blood).

In both NIDDM and metabolic syndrome, body tissues
are resistant to the actions of insulin on glucose uptake,
resulting in prolonged hyperglycemia after intake of
carbohydrates. The pancreas tries to compensate by
producing more insulin (hyperinsulinemia). Clinical mani-
festations include heart attack, stroke, and damage to the
optic nerve (blindness) and renal tissues (kidney failure) [2,
3]. Both are associated with obesity and inactivity, although
a genetic component also has recently been recognized.
Although historically an adult-onset disease, NIDDM is
becoming increasingly prevalent in adolescents [3].

Insulin has traditionally been regarded as primarily a
glucoregulatory hormone which facilitates cellular glucose
uptake [4]. It also stimulates glycogen storage, increases
fatty acid and protein synthesis, and inhibits fat and protein
degradation, however [4]. Because of the diverse functions
of insulin, hyperinsulinemia can have multiple metabolic
consequences, only a few of which have been identified.

Many different methods, including oral and intravenous
glucose-tolerance challenges, insulin-sensitivity tests, and
combined glucose and insulin testing [5, 6], are used to
screen for NIDDM and metabolic syndrome. All are
expensive, generate many false positives, and rely solely
on the glucose and/or insulin responses to challenges [5].

Nuclear magnetic resonance (NMR) spectroscopy of
biofluids, for example blood, saliva, and urine, can detect
an infinitely wider array of metabolites and may enable
more accurate detection of “markers” of metabolic disor-
ders [7, 8]. Studies in which the "H NMR spectra of blood,
urine, and saliva of diabetic patients were compared with
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those of healthy individuals found consistent differences
between the spectra of healthy and diabetic patients [9—11].
Application of metabonomic statistical analysis to such
spectra can identify the specific metabolites contributing to
the observed differences.

Animal models also play an important role in under-
standing metabolic disorders. The main animal models for
diabetes/metabolic syndrome are currently db/db mice and
Zucker diabetic fatty rats [12]. Neither model has “natural-
ly” occurring disorders, however, the animals being highly
inbred mutant strains.

Hyperinsulinemia is very common in horses, being most
prevalent, as in humans, in adolescents and aged animals
[13-15]. Horses have a high incidence of diseases
associated with insulin resistance and hyperinsulinemia,
including laminitis (disturbance of blood flow to the distal
limbs), hyperlipidemia, pituitary adenoma, and osteochond-
rosis [13, 14]. The purpose of our study is to use
metabonomics analyses of NMR spectra of plasma samples
to investigate normal and abnormal metabolic responses to
a dextrose challenge, using the horse as a model.

Materials and methods

Samples taken from six mixed-breed horses (Table 1) were
used in this study. All were approximately 5 months old at
the time of the first challenge. The horses were part of a
larger herd being used in a long term (7-month) study
investigating the effects of standard hay/pelleted concen-
trate rations compared with an alfalfa-based total mixed
ration cube on glucose/insulin metabolism in young horses.
A low-dose oral dextrose (LDOD) challenge [13] was
administered on October 31, 2005 (one week before dietary
changes were made) and again on January 27, 2006. In the
LDOD challenge each horse is given an oral dose of
dextrose (0.25 g kg~ ' body weight), mixed with unsweet-
ened apple sauce, by oral dose syringe. During the January
challenge Gilbert (#47) was given 38 g of his 83 g dextrose
in the form of uniformly labeled ([U-">C]) glucose (Isotec,
Stable Isotope Products: A Sigma—Aldrich Company, St
Louis, MO, USA). In both trials blood samples were drawn
into heparinized vacuum tubes (Vacutainer) from indwell-

Table 1 Horses used in the experiment

Name No.  Sex Breed Glucose/insulin responses
Giselle Female  Han/TB Insulin resistant

Magic 3 Male Perch/TB Insulin resistant

Poppet 22 Female  QH/Belg Normal

Polly 23 Female  QH/Belg Incomplete dose given
Skeeter 31 Male QH/Belg Normal

Gilbert 47 Male QH/Perch  Normal
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ing intravenous catheters before administration of the oral
challenge, and then at 30-min intervals for 3 h. Samples
were placed immediately on ice and centrifuged at 131 g
force at 10 °C in a refrigerated centrifuge (Sorvall Instru-
ments RT6000; Global Medical Instrumentation, Ramsey,
MN, USA) within 3 h of collection. Plasma samples were
stored at =40 °C pending 'H NMR analysis. Subsamples
were stored at —20 °C pending glucose colorimetric
(Glucose-SL, Diagnostic Chemicals, Charlottetown, PE,
Canada) and insulin ELISA (Mercodia Insulin FElisa,
ALPCO Diagnostics, Windham, NH) analysis.

"H NMR analysis was performed with a Varian (Palo
Alto, CA, USA) Unity/Inova 600 MHz spectrometer using
excitation sculpting (ES) water suppression [16] for all but
the diffusion filtered experiments, for which selective flip-
back pulses were used [17]. '*C NMR spectra were
collected at Bruker—Biospin, (Billerica, MA, USA) using
a 600 MHz ("H) NMR instrument equipped with a '*C-
detection-optimized 5 mm cryoprobe. The samples were in
their native condition; we used capillary inserts with D,O
for lock.

Results and discussion

Glucose and insulin responses in the six horses to the initial
challenge revealed that Black Magic (#3) and Giselle (#1)
were relatively insulin resistant with high (P<0.05) plasma
glucose and insulin (Figs. la and b) compared with the
other horses and with previous results for young horses
(Ralston, unpublished data, 1999-2005). For both horses
there was clinical evidence of abnormal bone development,
with epiphysitis and, in Black Magic, flexure deformities in
both front legs. Pollyanna (#23) did not receive the full
dose of dextrose during the first trial.

Glucose signals are easy to recognize in the "H NMR
spectra. By comparing the integrated areas of selected, well-
resolved signals in the sugar region of the NMR spectrum
we generated an approximate, relative measure of changing
glucose concentration in the samples (Fig. 2). As expected,
the spectra revealed a pattern of increasing glucose concen-
tration which reached a maximum after 60 to 90 min,
followed by a return to near baseline levels (the normal
physiological response to an oral dose of glucose [13, 14])
except for the spectra from Pollyanna (#23), who did not
receive the full dose. Relaxation filtered spectra were used
for the analysis to isolate the small molecule contribution
from large-MW components as much as possible. The
regions specified as “glucose” were between 3.32-3.48 and
3.68-3.96 ppm where the o« and 3-glucose signals appear
[20]. Initial analysis (not shown) using the entire sugar
region as the range, including peaks such as choline
(3.21 ppm), generated similar but less consistent results.
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Fig. 3 A representative full 'H
NMR spectrum of horse blood
plasma (upper trace, blue) cor-
related with the PC1 loadings
trace (lower trace, red). Selected
components are highlighted on
the plot

Our integrated results compare very well with data from
conventional glucose assays [1], even though signals in
addition to those of glucose may be contributing to the
intensities of the integrals calculated from the spectra.
Further refinement of this analysis can include integration
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using careful curve-fitting and deconvolution.

Fig. 4 'C NMR spectra of
horse blood plasma from
Giselle. On the left (a) the full
kinetic set is shown. On the
right (b) the control spectrum is
compared with the result

150 min after administration of
glucose. Two new metabolites
are shown by the arrows
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or peak in the spectrum to the variance across the whole
dataset; in this presentation, therefore, the (relatively low
resolution) traces can be correlated with the original
spectrum. In Fig. 3 a representative full spectrum is shown
at the top (blue trace) and the PC1 loadings trace is shown
inverted (red trace). Individual components most responsible
for the variation between spectra in this group are highlight-
ed on the plot. A variety of LDL/VLDL and sugar
resonances can easily be recognized, in addition to choline,
the importance of which in insulin resistance has not
previously been documented. Further investigation of
changes in lipo-proteins and choline in normal and insulin-
resistant subjects is warranted. It is worth mentioning that
this analysis highlights components as a result of blind
statistical analysis, without any bias or a priori knowledge.

3C NMR data using labeled glucose

Labeling studies are commonly used for metabolic flux
analysis and to identify yet unknown metabolic pathways
but, to the best of our knowledge, have never been
conducted on a large animal, for example a horse. Use of
the '*C-detection-optimized cryoprobe resulted in detection
of specific metabolites at natural abundance (0 min spec-
trum in Fig. 4). Administering '>C-labeled glucose to the
horse leads to elevated intensities of the glucose signals,
however; these then follow the expected kinetic trend
shown already in "H NMR (Fig. 4a). Even more important
are peaks that appear for the first time after administration
of '3C-labeled glucose. These are downstream metabolites
in glucose metabolism that would not be visible without the
specifically labeled material. Some of these peaks are
indicated with arrows (Fig. 4b), but remain unidentified.
Further analysis of these spectra is in progress.

Conclusion

NMR-based metabonomics is a powerful tool for studying
NIDDM and insulin resistance. It enables identification of
metabolites previously unrecognized as being part of the
metabolic response to standard challenges. The high

incidence of naturally occurring insulin resistance in young
horses makes this species an attractive model for future
investigations of the pathogenesis and metabolic pathways
involved in the disorder. As the sensitivity of measurements
increases with the introduction of enhanced technology, for
example specialized cryoprobes, and more efficient
metabonomic data analysis, we can expect significant
contributions to further scientific and medical understand-
ing of the underlying biochemistry and system-level
biology of this condition and disease.

Acknowledgements The authors are thankful to Bruker—Biospin,
Co. (Billerica, MA, USA) for providing access to essential instru-
mentation. Dr Robert Krull (Bruker—Biospin) provided essential help
acquiring the '3C NMR spectra. M.S.H. received financial support
from Wyeth Research. Additional support from Princeton University
is greatly appreciated. Isotec (Stable Isotope Products: A Sigma-—
Aldrich Company, St Louis, MO, USA) kindly donated a substantial
amount of the [U-">C]-labeled glucose. Useful discussions with Dr
Richard Barton (Imperial College, London, UK) are truly appreciated.

References

1. Zimmet P, Alberti K, Shaw J (2001) Nature 414:782-787

2. Eckel RH, Grundy SM, Zimmet PZ (2005) Lancet 365:1415—
1428

3. American Diabetes Association All about Diabetes [webpage];
Available from: http://www.diabetes.org/about-diabetes.jsp

4. Berg JM, Tymoczko JL, Stryer L (2002) Biochemistry, Sth edn.

Freeman, New York, p 974

. Fiehn O, Spranger J (2003) Phytochem Rev 1:223-230

. Reilly MP, Rader DJ (2003) Circulation 108:1546-1551

. Ala-Korpela M (1995) Prog NMR Spectrosc 27:475-554

. Nicholson JK et al (1995) Anal Chem 67:793-811

. Messana I et al (1998) Clin Chem 44:1529-1534

. Nicholson JK et al (1984) Biochem J 217:365-375

. Yoon M-S et al (2004) Biochem Biophys Res Commun 323:377—

381

12. Chen D, Wang MW (2005) Diabetes Obesity Metab 7:307-317

13. Ralston SL (2002) Equine Pract 18:295-304

14. Ralston SL (2004) Factors affecting tests of glucose and insulin
metabolism in horses. In: Reed SR, W Bayley, Sellon D (eds)
Equine internal medicine. Saunders, St Louis, pp 1600-1605

15. Treiber KH et al (2005) J Anim Sci 83:2357-2364

16. Hwang TL, Shaka AJ (1995) J Magn Reson A 112:275-279

17. Altieri AS, Hinton DP, Byrd RA (1995) J Am Chem Soc
117:7566-7567

_ O 0 03N W

—_—

@ Springer


http://www.diabetes.org/about-diabetes.jsp

	Beyond blood sugar: the potential of NMR-based metabonomics for type 2 human diabetes, and the horse as a possible model
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Identification of contributing components
	13C NMR data using labeled glucose

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


