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SUMMARY derangement occurring in peripheral lymphocytes
in IDDM, although the relationships among the
We have investigated by immuno-electron microimmunocytochemical and biochemical changes is
scopy the presence of phosphotyrosine in cells asstill obscure.
whole and in different cell districts (nucleus, cyto-
plasm, plasma membrane, and mitochondria) i
peripheral blood lymphocytes of IDDM (insulin- INTRODUCTION
dependent diabetes mellitns) patients and ag:
matched controls. It is well documented that several metabolic dys-
Immuno-gold particle density was highest infunctions are present in hyperglycemic conditions;
mitochondria and decreased in cytoplasm, nucletthe mechanisms underlying such metabolic com-
and plasma membrane. The time dependence plications of hyperglycemia are not, however,
phosphotyrosine labelling after cell isolation wascompletely clear. Experimental diabetes seems to
very strong in all subcellular populations, with abe able to cause the loss of more than 95% of
fall in immunogold staining after 30 min. mitochondrial trancriptional capacity (Kristek
Staining levels at zero time were similar in con-al. 1997) and several data indicate that in the
trols and IDDM patients; the loss of phosphotyro-hepatocytes of diabetic animals the production of
sine labelling was much stronger in controls reactive oxygen species in mitochondria is strong-
except in the plasma membrane. ly stimulated (Karageziaet al. 1990; Goldkorret
Plasma membrane NADH oxidoreductase activial. 1998). On the other hand, oxidation products
ty, studied using cytosolic NADH as substrate anioccurring in diabetes may be involved in subtoxic
assayed with DCIP as acceptor, was significantlprocesses at the level of signal transduction:
reduced in IDDM patients, suggesting a responsindeed, several oxidants stimulate tyrosine as well
to a deficient mitochondrial energetic activity. as serine/threonine phosphorylation (Pugnadni
The fact that NADH oxidoreductase is a growthal. 1999, Goldkorret al. 1998; Clerket al. 1998;
factor related to tyrosine phosphorylation path-Bize et al.1998), which is known to be a key step
ways raises intriguing questions on the cellulain signal transduction processes.
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Several factors are involved in the pathologicaet al.1998; Cerielleet al. 1998;Victor et al. 1985),
consequences of diabetic hyglgcemia: among which are closely connected with the function and
those are oxidative stress, the direct toxfeatfof  metabolic derangement of IDDM.
increased glucose levels, and the biogegc
deficits occurring as a consequence of the met:
bolic derangement. MATERIALS AND METHODS

In particular among other consequences, it is
known that oxidative stress promotes an accumulipaterials
tion of intramitochondrial Cawhich determines, Monoclonal —anti-phosphotyrosine  antibody

or contributes to, the production of mitochondrial(4G10) was purchesed from UBI (Lake Placid,
DNA damage (Lovet al. 1997; Cobcet al. 1997).  NY), 12-nm gold particle-conjugated secondary
Altered C& homeostasis and impaired geneantibody from Jackson Immuno ResearchegtV
expression patterns may play a crucial role in thGrove, R), and L.R.White embedding resin from
clinical onset of several diseases, and varioupolyscience (\frington, R).

mitochondrial dysfunctions can have their key-fac All the other reagents were of molecular or-ana
tors in lowered electron transport rate and loviytical grade.

mitochondrial engyy coupling (Olsoret al. 1998;

Craneet al. 1994; Matsuokat al.1997; Guidarel  patients and Methods

li et al.1997). Lymphocytes were obtained by centrifugation
Defective mitochondrial ~electron transfer from 40 ml of peripheral venous blood drawn
enhances the NADH/NAD+ cytoplasmic ratio, anfrom 11 IDDM patients and 9 healthy controls
event that has important metabolic consequenceaged 5 to 19 years who gave their infornced
first of all an increased lactate production; theésent to participate in the studymphocytes were
importance of the pyridine nucleotide redox equi divided into two aliquots: one was used immedi
librium in relation to diabetes is even clearer if oneately (T°) and the other after 30 min atG (T*)
considers that reduced redox capacity has betfor parallel biochemical and immunomorphologi
reported in the mitochondria of glucose-stimulateccal studies.

Langerhans islets (Matschinnsky 1996; Ram@&ez Owing to the need for testing blood samples of
al. 1996). Moreover glucose-stimulated insulin at least 40 ml and to theompromised state of
release has been seen to stimulate in turn-mitsome patients, in 4 cases the same lymphocyte
chondrial dehydrogenase activity and translocatioaliquots were studied for both series of experi
of C&" from mitochondrion to cytosol (Ramirez  ments (Bble 1).

al. 1995; Moraret al. 1997; Salcedat al. 1998).

The aim of the present work was to assess-quaa- Morphology and Immunocytochemistiy
titatively by an immuno-electron microscopic For the morphological stugpellets of lymphe
study the presence of phosphorylated tyrosine icytes were fixed in 1% glutaraldehyde in 0.1M
the nucleus, cytoplasm, mitochondria and celphosphate béér (PB) for 1 h at 4C, washed
membrane (in parallel with cell membrane NADH overnight in 0.15M PB, dehydrated in ethanol and
oxidase activitya cell membrane redox marker) in embedded in resin. Ultrathin sections (90 nm)
lymphocytes from IDDM patients and normal were cut and mounted on nickel gridshe
individuals in order tseek possible relationships immunocytochemical study of tyrosine phospho
with the glycemic status. rylation (Alessandrat al. 1997; Pugnalonét al.
Given the firm evidence for mitochondrial alter 1999) was performed on post-embedded material
ations in IDDM lymphocytes (dal et al. 1997; using a primary anti-phosphotyrosine monoclonal
Novials et al. 1997), the present study of diabeticantibody 4G10, (1:100) iffris-HCI (50 mMTris,
patients was performed in an easily accessible ce0.14 M NaCl, pH 7.6) containing 0.1% bovine
population, i.e. peripheral blood lymphocytes,serum albumin (BSA). Sections were then washed
which are considered a useful tool to monitoland incubated with goat anti-mouse (GAM)IgG
IDDM disease behaviouto obtain crucial data on conjugated with 12-nm colloidal gold particles
the enegy status of the immunological compart (1:10) in 20 mMTris-HCI, pH 8.2, containing
ment, as well as to monitor the parameters relate0.1% BSAfor 1 h at room temperature. Samples
to ischemia and abnormal blood viscosity (Moriginot incubated with the primary antibody were
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Table |
Lymphocytes from control subjects and from IDDM patients: evaluation of phosphotyrosine expression
(4G10 MoAb 1:100. No gold particles/(miim (mm*) in cells used af° andT* (mean values sd)

Cases Cytoplasm Nucleus Total Cell Cell Mitochondria
Labelling Membrane*

Control subjects

TO 10.07+ 5.80 5.33+4.15 8.31+5.01 1.33£1.01 19.03+ 10.86
Control subjects

T 459+ 2.32 2.38+2.19 3.45+1.78 0.93+0.48 5.79+ 3.04 **
IDDM patients

TO 9.68+5.74 5.34+ 5.20 8.72+7.23 1.97+3.76 17.34+ 12.89
IDDM patients

T 6.50+ 4.73 3.49+ 2.56 5.25+ 3.41 0.89% 0.42 13.08+ 15.02

** p< 0.05 - MannWhitney U test

used as controls and did not stain (data not showrused was endogenous NADHMhe activity was
Grids were counterstained with aqueous uranyassayed in the presence of mitochondrial

acetate and lead citrate. inhibitors to avoid possible interference with
mitochondrial oxidative activities.
Morphometric evaluations For NADH-ferricyanide reductase activity 0.5-

Specimens were observed and photographel-1C cells were washed in 5@Dphosphate baéér
using a Philips CM10 (Eindhoveihe Nether saline (PBS) (0.15 M NaCl, 20mM Na2HP@&#0,
lands) transmission electron microscope at 80 K\WWpH 7.4) and 2 mM KCN, pH 7.4, and resuspended
For each sample, 20 images at 18,000X magnifin 1ml PBS containing 10 mM glucose, 1 mM pyru
cation which included membrane, cytoplasm anwate, ug/ml rotenone, 1 g/ml antimyci, 1ug/ml
nucleus were selected and evaluated with an imaimyxothiazol, 2mM KCN, for 10 min at 3C. Cells
analyser (Lucia-Nikon, Italy) using an interactive were then added to 1.5 ml reaction mixture contain
software. Gold-particle density was expressed ¢ing PBS (NaCl 0,15 M, 20mM NdPO: H:0O.),
absolute densityi.e. as the number of gold parti KCN 2 mM, pH 7.4 and 25M K:Fe(CN}).
cles counted penm? or um in different cellular  Ferricyanide reduction was followed at 420-500
districts (cytoplasm, nucleus, mitochondria ancnm by SIGMA-ZWS |l Zweiwellenlaengen-spec
cell membrane), or as total cell labelling pen*  tral photometerfor 4 min at 37C; the molar
of total cell surface. In the case of mitochondriaextinction codicient used was of 1,000 M-1cm-1.
labelling density was referred to the total mito For NADH-DCIPreductase activitycells treated
chondrial area of each cell. Data distribution wa:as above were added to 1.5 ml PBS reaction mix
assessed angs shown graphically in Fig. 3. ture containing 2mM KCN, pH 7.4 and 20
Because of the high standard deviation (sd) valueDCIP. In this case, DCIRduction was monitored
observed in all cellular districts (mainly in mito at 600-700 nm for 2 min; the molar extinction
chondria), statistical evaluations were performeccoeficient used was 21 miicm?.
using the ManWhitney U non-parametric test.

b-Biochemistry. Plasma membrane NADH oxi RESULTS

dase

Intact lymphocytes from both IDDM patients and Morphological and immunocytochemical eval
controls were used for this studylasma mem yations

brane oxidoreductase activity was assayed usir Controls:T (Fig. 1, a).At T°, values were fairly
either ferricyanide (kFe(CN}) or dichlorophenol inhomogeneous, with high sd, although they never
indophenol (DCIP) as acceptorsafNant et al. exceeded the mean valudis finding could be
1996). The electron donor under the conditionsrelated to the inhomogeneity of the lymphocyte-pop
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Fig. 1 - Immunoelectron micro
scopy of phosphotyrosine in iso
lated control lymphocytes pre
pared as described in Materials
and Methods. Ultrathin sections
were incubated with antiphos
photyrosine and detected with
immunogold reagenflransmis
sion electron micrographs were
taken at 39,500X final magnifi
cation. M = mitocondria. a) Cen
trol control cells af®.

ulation itself and therefore to thefdifent expression 5.33t 4.15 in the nucleus, 19.68 10.86 in mite

of phosphorylated tyrosine by thefdient types of chondria and 8.315.01 on the whole cell surfadd.
lymphocytesThe numerical density of gold particles the level of the plasma membrane, numerical density
per m2 was 10.0Z 5.80 in the cytoplasmic district, per m of membrane length was 1:33.01.
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Table 1l
Lymphocytes from control subjects and from IDDM patients: evaluation of phosphotyrosine expression
(4G10 MoADb 1:100. No gold particles/mior (mm*) after 30 minValues are expressed as percent of
T° condition (mean values sd)

Cases Cytoplasm Nucleus Total Cell Cell Mitochondria
Labelling Membrane*

Control subjects 42.90 44.65 41.52 69.92 30.42

IDDM patients 60.74 65.48 63.18 66.92 68.73

Controls:T* (Fig. 1, b).Thirty minutes after collec cal density of 5.7% 3.04 perun?, with a 30.42%
tion, values decreased in all cytoplasmic districtsreduction with respect .
gold-particle density patm?’ was 4.59 + 2.32 in the The trend of phosphorylation in thefdient condi
cytoplasm (42.90% oF°), 2.38+ 2.19 in the nucleus tions was represented with a diagram (Fig. 3), and
(44.65%), 5.7% 3.04 in mitochondria (30.42%), and mean values, with the corresponding sd, were calcu
3.45+ 1.78 on the whole cell surface (41.52%); final lated for the various samples to evidence their Romo
ly, in the plasmalemma, numerical density per m cgeneity or lack of it (see Materials and Methods).
membrane was 0.930.48 (69.92% of©).
IDDM: T° (Fig. 2a). In IDDM patients, values were Biochemical Aspects of Plasma Membrane
also inhomogeneous with high sd in the same cell diNADH-oxidase activity (Table III)
tricts: cytoplasm (9.6& 5.74), nucleus (5.34 5.20), An increase in NADH=DCIP activity (p<0.005),
mitochondria (17.34 12.89), total cell surface (8.72 index of a higher redox potential inside cells, was
+ 7.23) and cell membrane (1.93.76). observed in patients (2.690.59 nmol- min* - 10°
IDDM: T* (Fig. 2,b). Also in this case, values cells) with respect to controls (1.9D.51 nmot min
decreased froni® to T*. Mean labelling and percent * - 10¢ cells). No diference between the two groups
labelling reductions were, respective§/50+ 4.73  was detected in NADHferricyanide activity (0.62
and 60.74% in the cytoplasm, 3#9.56 and 65.48% + 0.24 nmol- min* - 10¢ cells in IDDM, and 0.73
in the nucleus, 13.08 15.02 and 68.73% in mito .37 nmot min* - 10 cells in controls) probably due
and 0.8% 0.42 and 66.92% in the plasmalemitize
reduction in phosphotyrosine expression was thus le
rapid in the lymphocytes of IDDM patient&his was DISCUSSION
especially evident in mitochondria, even though val
ues were less homogeneous. . . - . .
inthe micchoncia, Sgnfca: ences (<0.05) 11 Ml undering metabols gause of dabetess
were found between the lymphocytes of control an; P pply

. : . 4 : in amounts sdicient to meet the bods’ require
diabetic subjects a° andT, respectivelyin this cel P ; .
lular district, control subjects &t° showed a numeri ments, resulting in hypgiycemia. Juvenile (type 1)

Table 111
Plasma membrane NADH oxidase activity in lymphocytes (mean valsds
Control Subjects IDDM Patients
(n=11) (n=13)

(nmol - min* - 10° cell)
NADH—-DCIP 1.97+0.51 2.69+ 0.59 p <0.005

NADH—KsFe(CN} 0.73+0.37 0.62+0.24 p=n.s.
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Fig. 2 - Immunoelectron micro
scopy of phosphotyrosine in iso
lated cells aff®, b) lymphocytes
from IDDM patients treated as
control samples. M = mitochen
dria. a) cells at®, b) cellsat T*.

action of the hormone. Polygenic traits contribute to
the pathogenesis of both types of diabetes. Howev
er, a specific form of type-2 diabetes -Mody- is
monogenic due to inactivating mutations in genes
that are critical for normal beta-cell function

diabetes is determined by the immune destruction «
beta cells.Adult-onset (type 2) diabetes, which
accounts for 90% of cases of diabetes, is chara
terised by a partial deficit in insulin production asso
ciated with resistance by peripheral tissues to th
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Fig. 3 - Graphic representation of the distribution of morphomelsia. High sd values were observed in all cellular districts,
mainly in mitochondria. Standard deviations from mean values in control mitochon@tiaratT* were not overlapping, with
statistically significant dferences of the data (p<0.05).

(Chaturvediet al. 1997; Rabinovitchet al1998; cose that is transported into the cdlhe same
Miller et al. 1999). cells from IDDM insulin-dependent subjects show
At the peripheral level, free-radical overproduc less capacity for glucose transport both in basal
tion contributes to the tissue damage induced bconditions and following insulin stimulation
acute hypaglycemia and the administration of (Estradaet al.1994).
molecules with anti-oxidant properties increase: Insulin stimulates glucose transport via the
tissue resistance to the lipid peroxidation triggereitranslocation of the glucose transporters (Glut-1,
by acute hypglycemia. Glut-3 and Glut-4) from intracellular stores to the
Hypemglycemia may also induce a parallel plasma membrane. But, for this process to work,
increase in circulating ICAM through oxidative an intact actin network and phosphatidyl-inositol
stress. ICAM is among the most important inter 3-kinase activity are necessary (Mullet al.
cellular adhesion molecules involved in diabetes1998; Kaoet al. 1999). Insulin also stimulates
even if it is also associated with feifent pathole  autophosphorylation of the insulin receptor on
gies such as atherosclerosis, and it is expressedtyrosine (Carteet al. 1996).
activated circulating mononuclear cells, including Tyrosine phosphorylation at the protein level
T cells (Cerielloet al. 1998). plays a vital role and is a primary event in signal
These functional data agree with our findings otransduction for the regulation of glucose metabo
higher levels of tyrosine phosphorylation -expreslism (Carter 1996, Pugnaloat al. 1999). In lym
sion of upregulation- in the lymphocytes of IDDM phocytes too, antigens or cytokine receptors
hypeglycemic patients compared with healthyinduce rapid tyrosine phosphorylation at the level
subjects. of the receptor subunit, of f#rent membrane
Normal circulating mononuclear cells are knownproteins and of other signal components that are
to respond to physiological concentrations ofnecessary to maintain a correct functional state in
insulin by rapidly increasing the amount of glu these cells (Saaet al. 1997; Naz 1996; Subrah
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manyamet al. 1991). In human fibroblasts it has diabetic mitochondria to maintain the stationary
long been known that 50-kDa tyrosine-phosphory steady state of the proton electrochemical gradient
lated protein bands can be observed also in pui(D’Aurelio et al. 1998).
fied mitochondria (Piedimontet al. 1986 ). The increase in NADH oxidase at the level of the
Similarly, rat liver mitochondria show protein plasma membrane observed in our IDDM Jym
phosphorylation on specific bands from 47 to 3¢phocytes is an expression of an increase of-cyto
kDa (Backeret al. 1986). In spermatozoa, tyrosine plasmic NADH as a result of impaired mitochon
phosphorylation has been detected immunocytcdrial activity and should be considered as a-com
chemically at the mitochondrial levelr@viset al.  pensatory mechanism to release excess cytosolic
1998). , , reducing power (Morret al. 2000).This concept

At the time of collection the tyrosine phosphory correlates well with i) the presence of an altered
lation level was not specifically dérent in any plasma micro-environment in IDDM patients,
cellular district of IDDM patients with respect to with free radicals stimulating oxidizing activjty
age-matched controls; howey#re morphometric  and ii) the finding that the redox state of quinone
evaluations performed on healthy and IDDM lym oxidase controls tyrosine kinase vi&®genera
phocytes showed that 30 minutes from collectioition or through conformational redox-inducing
phosphotyrosine levels decreased in all cellulamodifications (Greibeet al. 1998). The plasma
districts possibly as a result of activation of tyro membrane of eukaryotic cells contains a NADH
sine phosphatase$his reduction was greater in oxidase which transfers electrons across the-mem
control lymphocytes, except in the plasma memprane (Morre et al 1998fan Duijn et al. 1998;
brane, where the reduction in phosphotyrosine le\Kishi et al. 1999). This oxidase is controlled by
els was greater in IDDM cells. hormones (Chuelet al. 1997), growth factors

In particular at the mitochondrial level, phospho (Morre et al. 1997) and other molecules (Dsial.
tyrosine values af* decreased only mginally in  1997) which bind to receptors in the plasma mem
the lymphocytes from IDDM patients, whereas aprane, so it is also linked to the ligand-dependent
T° phosphoprotein values were similar in the tWctyrosine phosphorylation cascade. Oxidants,
groups of subjecthis finding could be related to moreover activate growth-related signals such as
the greater activation state of lymphocytes froncaicium mobilization, while coenzyme-Q ana
IDDM patients, more exposed to oxidative-strest|ogues reversibly inhibit both growth and trans
stimulation and to altered extracelluflucose membrane electron transport (Brightman al.
input, maintaining a further steady-state level 0'1992),
tyrosine phosphorylation with time. ___In conclusion, literature data correlate well with
It is known that also for lymphocytes, triggering the immunohistochemical and biochemical find
and activation signal-transduction pathways involvtings of our studywhich also seems to point to a
tyrosine phosphorylation and dephosphorylatiotpossiple role for mitochondria as signal transduc
(respectively via kinases and phosphatases).  ers in cellular metabolic activities, especially con
Several reports, including observations made isjgering the relevance of mitochondrial signals,
our lab (unpublished), are in line with this hypoth gych as Bax transfer in cytochrome-c release in

esis (Hannzt al. 1997, Honeymaret al. 1998). he signal transduction involved in cell apoptosis
This activation state should be interpreted in th‘(Pedersen 1999).

light of biochemical data. L Signal transduction may thus represent one of the
We found indications of a significant derange \,,qst easily hit tajets in the course of IDDM
ment of mitochondrial function in the lymphocytes development.

of diabetic patients.

The mitochondrial membrane potential did not
appear to be altered in IDDM cells Bt possibly
by virtue of efective respiratory-chain functien
ing, which usually tends to compensate the men
br%ne potential (L)J/npublished dat%). The authors are grateful to Prof. Bruno Mannel
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