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Abstract NADPH oxidase expression and activity have
been measured in pancreatic islets under normal condi-
tions, but its potential modulatory role upon insulin
secretion remains unclear. We have currently studied
NADPH oxidase activity in islets isolated from normal rats
as well as the effect of its inhibition upon insulin secretion
stimulated by different secretagogues. Glucose, arginine,
fatty acids and KCl increased islet NADPH oxidase
activity in a stimulus-dependent manner. DPI inhibited
such increase in different proportions and affected
unevenly insulin secretion, namely, it decreased the effect
of high glucose, increased that of oleic acid and KClI,
without changing the one induced by palmitic acid. Our
data provide evidence that the contribution of NADPH
activity to reactive oxygen species production in normal rat
islets as well as its effect upon insulin secretion is uneven
and highly stimulus-dependent.
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Introduction

It is accepted that a low and transient level of reactive
oxygen species (ROS) may act as mediator for different
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biological responses [1, 2], including insulin secretion
induced by various secretagogues [3, 4].

Two different sources of ROS have been described for
pancreatic f-cells: (a) the mitochondrial oxidative phos-
phorylation that generates the reactive superoxide (-O,7)
anion as a by-product; under normal circumstances, the
anion is rapidly converted to H,O, by superoxide dismu-
tase but, if there is an increased flow of oxidable substrates
or of intracellular Ca>" or a decreased ADP concentration,
the -O,~ production augments; and (b) the activation of a
phagocyte-like NADPH oxidase (NOX2) as well as NOX1,
NOX4, NOXO1 and NOXAl—expressed in pancreatic
islets—also produce -O,”, probably through a PKC-
dependent activation [5, 6]. However, neither the relative
contribution of each of these two systems to islet ROS
production under normal conditions, nor their possible
modulatory role upon insulin secretion elicited by different
secretagogues have been fully established so far.

In an attempt to answer these questions, we have studied
and compared NADPH oxidase activity and the effect of its
inhibition upon insulin secretion in islets isolated from
normal rats and challenged with glucose, arginine, fatty
palmitic and oleic acids and KCI.

Results
NADPH oxidase activity

Glucose (16.6 mmol/l) and palmitic and oleic acids
increased significantly NADPH oxidase activity above the
levels measured in the presence of 3.3 mmol/l glucose
(Fig. 1a). This effect was not observed with arginine and
20 mmol/l KCI. Palmitate induced the highest increase in
peroxide production (412%), while 16.6 mmol/l glucose
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Fig. 1 a Nitro blue tetrazolium
(NBT) reduction by islets
incubated with 3.3 and

16.6 mmol/I glucose, 10 mmol/l
arginine, 0.15 mmol/l, palmitic
or oleic acids and 20 mmol/l
KCl in the presence of

3.3 mmol/l glucose, with our
without 10 = mol/l diphenylene
iodonium (DPI). Results are
means = SEM in arbitrary units
(AU),n =17. ** P <0.01;

* P < 0.05. b Insulin secreted
by isolated islets incubated
under the same experimental
conditions as in A. Results are
means = SEM in 0
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and oleic acid accounted for a 52 and 60% increase,
respectively. Whereas, diphenylene iodonium (DPI,
10 umol/l) added to the media from the beginning of the
incubation significantly decreased the NADPH oxidase
activity induced by 16.6 mmol/l glucose (45%), palmitic
(73%) and oleic (41%) acids and KCl (57%), it did not
affect significantly the effect of 3.3 mmol/l glucose or
arginine.

Insulin secretion

Insulin secretion was significantly increased above baseline
levels (3.3 mmol glucose) by 16.6 mmol/l glucose, argi-
nine, palmitic and oleic acids, and KCI (Fig. 1b). Addition
of 10 pmol/l DPI to the incubation media produced dif-
ferent effects on insulin secretion; it decreased significantly
the response of 16.6 mmol/l glucose, increased that elicited
by oleic acid and KCl, did not show a significant increase
in the release induced by palmitic acid, and did not affect
significantly the one elicited by 3.3 mmol/l glucose or
arginine.

Discussion

Herein we show that NADPH oxidase activity in islet cells
increased significantly when challenged by some but not all
of the insulin secretagogues tested. We did not find any
correlation between the magnitude of the secretagogues’
effect upon the enzyme activity and insulin secretion, i.e.,
the highest enzyme activity was triggered by palmitate,
while glucose 16.6 mmol/l induced the highest release of
insulin. These data suggest that in normal islets and in vitro
conditions: (1) as previously demonstrated [7], NADPH
oxidase contributes to islet ROS production, being the
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magnitude of this effect stimulus-dependent, and (2) the
enzyme activity and the consequent superoxide production
would play a modulatory role upon insulin secretion that
varies according to the stimulus used.

Since the nitro blue tetrazolium (NTB) technique
employed estimates NADPH oxidase activity according to
the superoxide production, we can thus conclude that while
the enzyme is the main responsible for such production
under the stimulus of palmitic acid, its role is less impor-
tant in the case of KCl, 16.6 mmol/l glucose and oleic acid,
being almost negligible with arginine and 3.3 mmol/l
glucose. Since we used identical concentrations of palmitic
and oleic acid in the medium, the difference recorded in
their stimulation upon NADPH activity would be related to
some specific rather than a concentration-dependent effect.

Regarding the possible modulatory role of NADPH
oxidase upon insulin secretion, our data show that the
effective inhibition of NADPH oxidase activity decreased
significantly the secretion of insulin elicited by 16.6 mmol/l
glucose, increased the one triggered by oleic acid and KCl,
but did not affect significantly that of palmitic acid, argi-
nine and 3.3 mmol/l glucose. We could therefore assume
that in the case of high glucose, the ROS produced par-
ticipates as a positive mediator for the stimulatory effect of
the hexose, while it would play the opposite effect in the
case of insulin release in response to either oleic acid or
KCIl. Further, ROS production under our conditions would
not apparently play any significant role upon insulin release
stimulated by low glucose, arginine and palmitic acid. Our
experimental design does not provide an objective evi-
dence to explain this uneven behaviour. Although we found
that the glucose-stimulated ROS generation may be
important for the acute regulation of insulin secretion, we
should consider that at higher levels and acting for
long periods, ROS may hamper mitochondrial energy
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metabolism and exert negative effects upon both insulin
secretion and ff-cell mass [8].

It could be argued that DPI is not a totally specific
inhibitor of NADPH oxidase, but the literature about the
issue is mixed. While Weir et al. have reported that it
exerts an inhibitory effect on mitochondrial complex I of
the electron transport system [9], Morgan et al. found
similar blunting effects upon NADPH oxidase-dependent
ROS production of either DPI or an antisense oligonuclo-
tide for p47°H9% [10].

In brief, our data provide evidence that the contribution
of NADPH activity to ROS production in normal rat islets
as well as its effect upon insulin secretion is uneven and
highly stimulus-dependent.

Materials and methods

Albumin free from fatty palmitic and oleic acids, NBT and
DPI were obtained from Sigma-Aldrich Chemical (St
Louis, Mo, USA). The complex albumin-palmitic or oleic
acid was prepared according to Spector et al. [11].

Normal male adult Wistar rats (150-200 g) were housed
in rooms with controlled temperature, a 12-h light/12-h
dark cycle and fed a commercial diet and tap water
ad libitum. The animals were killed by cervical dislocation
removing the pancreas to isolate islets by collagenase
digestion [12].

Superoxide generation was detected by NBT assay [13],
as described by Oliveira et al. [6]. Isolated islets (75 islets/
375 Wl KRB with 1% BSA) were incubated for 2 h with
0.2% NBT (37°C, 95% O, to 5% CO,) in the presence of
3.3 and 16.6 mmol/l glucose, and 3.3 mmol/l glucose plus
arginine (10 mmol/l), albumin-palmitic or oleic acid
complexes (0.15 mmol/l), and KCl (20 mmol/l), with or
without 10 umol/l DPI (NADPH oxidase inhibitor). To
avoid changes in osmolarity of the media, when we tested
the effect of 20 mmol/l KCI, the NaCl concentration was
correspondingly decreased. At the end of the incubation

period, the islets were sonicated in 100 pl 50% acetic acid
to dissolve the NBT-reduced formazan; thereafter, the
absorbance of each sample was determined at 620 nm.

In order to study insulin secretion, 5 islets were incu-
bated in 600 ul KRB previously gassed (95% O, to 5%
CO,) at 37°C under the conditions described above but
without the addition of 0.2% NBT; insulin was measured in
aliquots of the medium by radioimmunoassay using a rat
insulin standard [14].

Statistical analyses were performed using ANOVA and
Student’s ¢ test.

Acknowledgments The authors are grateful to Adrian Diaz for
insulin assays and Adriana Di Maggio for careful manuscript edition.
This study was supported by a grant from CONICET (PIP 112-
200801-01211).

References

1. T. Finkel, Curr. Opin. Cell Biol. 10, 248-253 (1998)

2. S.G. Rhee, Science 312, 1882-1883 (2006)

3. H. Imoto, N. Sasaki, M. Iwase et al., Endocrinology 149,
5391-5400 (2008)

4. D. Morgan, E. Rebelato, F. Abdulkader et al., Endocrinology 150,
2197-2201 (2009)

5. J. Pi, Y. Bai, Q. Zhang et al., Diabetes 56, 1783-1791 (2007)

6. H.R. Oliveira, R. Verlengia, C.R. Carvalho, L.R. Britto, R. Curi,
A.R. Carpinelli, Diabetes 52, 1457-1463 (2003)

7. P. Newsholme, E.P. Haber, S.M. Hirabara et al., J. Physiol. 583,
9-24 (2007)

8. P. Newsholme, D. Morgan, E. Rebelato et al., Diabetologia 52,
2489-2498 (2009)

9. EK. Weir, C.N. Wyatt, H.L. Reeve, J. Huang, S.I. Archer,
C. Peers, J. Appl. Physiol. 76, 2611-2615 (1994)

10. D. Morgan, H.R. Oliveira-Emilio, D. Keane et al., Diabetologia
50, 359-369 (2007)

11. A.A. Spector, D. Steinberg, A. Tanaka, J. Biol. Chem. 240,
1032-1041 (1965)

12. P.E. Lacy, M. Kostianovsky, Diabetes 16, 35-39 (1967)

13. J. Scherenzel, 1. Serrander, B. Banfi et al., Nature 392, 734-737
(1998)

14. V. Herbert, K.S. Lau, C.W. Gottlieb, S.J. Bleicher, J. Clin.
Endocr. Metab. 25, 1375-1384 (1965)

M.

M
2.« Humana Press



	Islet NADPH oxidase activity is modulated unevenly by different secretagogues
	Abstract
	Introduction
	Results
	NADPH oxidase activity
	Insulin secretion

	Discussion
	Materials and methods
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 149
  /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 0.40
    /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 149
  /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 0.40
    /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 599
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /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.)
    /DEU <>
  >>
  /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 [595.276 841.890]
>> setpagedevice


