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ABSTRACT

Clinical asthma and airway responsiveness appear to be less severe when diabetes is
superimposed. The aim of the present study was to determine the possible role of Nitric
Oxide (NO) in the airway reactivity under diabetic and diabetic-allergic conditions.

Twenty-five male guinea-pigs were divided into five groups of five each as follows:
diabetic, antigen sensitized, diabetic- antigen sensitized, insulin-treated diabetic- antigen
ovalbumin sensitized and control animals. Tracheal rings of all groups were mounted in an
organ bath system for isometric contraction measurements. Tissues were pre-incubated with
either of the following chemicals: L-NAME, L-arginine or methylene blue. Cumulative
concentration response curve was made with histamine.

Decrease in the airway reactivity in diabetic and diabetic- antigen sensitized animals were
shown compared to the antigen sensitized animals. pECso values of histamine in the presence
of L-Arg showed increase in diabetic and diabetic- antigen sensitized animals compared to
the controls. In the presence of methylene blue, these values showed an increase in diabetic
and diabetic- antigen sensitized animals compared to the controls. However, incubation with
L-NAME did not change the airway responsiveness to histamine in diabetic and diabetic-
antigen sensitized animals compared to the controls.

Experimental diabetes causes were found to decrease the responsiveness of tracheal rings
in the presence or absence of allergy.

Findings of this research work showed that NO had no role in hypo-responsiveness of
airway in diabetic and diabetic- antigen sensitized animals.
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INTRODCUTION

Modulating effects of hormones and other endocrine
factors in allergic inflammation have been shown in
some researches. Attenuating effects of glucocorticoids
or adrenergic agents are some obvious examples.
Experimental finding indicates a relative lack of insulin
in an organism causes an overall reduction in
inflammatory reaction.' The mechanisms responsible
for the reduced allergic reaction in diabetic patients are
still unknown. Several studies however, indicate that
the incidence of asthma in diabetic patients is less than
that in the residual population. In addition, Douek et al
(1999) showed that clinical asthma appears to be less
severe when diabetes is superimposed. Moreover, the
onset of the diabetic state is accompanied by
diminution in symptoms of previously existing
bronchial asthma. It is noteworthy that allergic
disorders, including asthma, atopic dermatitis and
eczema, have an uncommon occurrence in diabetic
patients.””. The mechanism involved in this protection
is not completely clear. In this line, It is well
established that nitric oxide (NO) is involved in the
regulation of airway tone as well as in asthmatic
inflammation.”” NO is synthesized from the semi-
essential amino acid L-arginine by the enzyme NO
synthase (NOS), of which different isoforms have been
identified in the respiratory system. Recent
experimental evidence has suggested different roles of
NO in the regulation of mammalian airway function.'
It is now well established that NO in low concentration
has attenuating effects on the airway reactivity but the
high concentration because of peroxynitrite has
opposite effects. On the other hand, some evidence has
implicated dysfunctional NOS and decreased NO
availability in endothelium of diabetic humans and
animals."" By consideration of NO effects on the
respiratory system the aim of the present study was to
investigate the role of NO in the airway reactivity in
diabetic and diabetic-antigen sensitized guinea pigs.

MATERIALS AND METHODS

Experimental Groups

Twenty five male Dunkin-Hartley guinea pigs (400-
500 g) were acclimatized in the animal house (12-hour
light/dark periods, temperature of 22-25°C) for 10 days
and received a regular chow diet. After acclimation
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period guinea pigs were randomly categorized into five
groups of five animals each:

I). diabetic; streptozotocin (STZ)-treated

II). antigen sensitized

III). antigen sensitized-diabetic

IV). antigen sensitized-diabetic plus insulin

injection
V). nondiabetic, unsensitized controls

Induction of Diabetes and Allergy

Diabetes was induced with a single intra-peritoneal
injection of 180 mg/kg streptozotocin (STZ; Zanosar,
Upjohn, Kalamazoo, MI, USA). Antigen sensitizatin
were performed by two intra-peritoneal injections of 1
ml/kg 5% (w/v) ovalbumin (grade III; Sigma, St Louis,
MO, USA). Control animals were administered with
the solvent of STZ and ovalbumin (normal saline).'> In
the antigen sensitized diabetic group, animals were
sensitized four weeks after STZ injection on two
consecutive days. In addition, a subset of the antigen-
sensitized diabetic guinea pigs received long-acting
(NPH) insulin (Isophane®, Lansulin Exir, Iran) in a
dose of 2U/3days subcutancously for 4 weeks,
beginning from the first sensitization day. The presence
of diabetes was verified by measuring the blood
glucose levels > 130 mg/dl, using blood glucose
monitor (Glucocare®, 77 Elektronika Kft. Haungray) in
samples obtained from the vein of the ear. A value of
130 mg glucose/dl blood or more indicated a successful
induction of diabetes.

Isolation of Trachea

Animals in the diabetic and antigen sensitized
groups were anesthetized with Ketamin (Alfasan, The
Netherlands) 50 mg/kg plus Xylazine (Alfasan, The
Netherlands) 5 mg /kg IM, and their trachea removed.
Guinea pigs in the diabetic-antigen sensitized and
diabetic-antigen sensitized plus insulin injection groups
were anesthetized in the same way after 8 weeks and
their trachea removed. In addition five guinea pigs
were assigned to the control group in each time of
trachea isolation (4 and 8 weeks).

Measurement of Airway Contraction in vitro

The tracheas were prepared free of serosal
connective tissue, cut into four triple rings and mounted
in 20-ml organ bath (semi-Automatic organ bath LSI
Lecta, Spain) containing Krebs-Henseleit solution
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(NaCl 117.5 mM, KCI 5.60 mM, MgSO, 1.18 mM,
CaCl, 2.50 mM, NaH,PO, 1.28 mM, NaHCO; 25.0
mM, D-glucose 5.50 mM). The buffer was aerated with
carbogen (5% CO, and 95% 0O2) at a constant pH (7.4)
and temperature (37°C). Each side of the trachea rings
was tied to a stainless steel hook and connected to a
force transducer for measurement of isometric tension
(powerlab/4sp AD Instrument Company, Australia).
Tracheal preparations were allowed to equilibrate for
45 min under an initial tension of 1 g, with wash-outs
every 15 min. After equilibration, the tracheal
preparations were incubated for 30 min with vehicle
(Krebs-Henseleit), ImM of the NOS substrate L-
arginine (1543 Sigma, St Louis, MO, USA), 120uM of
the subtype nonselective NOS inhibitor L-NAME
(N5751 Sigma, St Louis, MO, USA) or 10uM of the
guanylyl cyclase inhibitor methylene blue (FN1002543
630 Merck, Darmstadt, Germany) for 30 min.
Subsequently, cumulative dose response curves to
histamine (4370 Merck, Darmstadt, Germany) were
constructed ranging from 107 to 10~ mmol/L.

Statistical Analysis

Airway reactivity to histamine was evaluated as
PECsy (-logyy ECsp) values. Data were expressed as
mean + SEM. Comparison of cumulative
concentration-dependent curves for contraction was
performed by nonlinear regression analysis based on a
four logistic equation. The pECs, values of the fitted
curves were compared by 1 way ANOVA which were
constrained at the bottom (0) and top (100). P<0.05 was
considered to be significant.

RESULTS

Treatment with STZ induced diabetes in guinea pigs
as shown by the increased glucose levels in blood
compared to control animals (Figure 1). Antigen
sensitization did not affect basal or STZ-induced blood
glucose levels, whereas cotreatment with insulin
normalized the STZ-induced increase in blood glucose
(Figure 1)

Dose response to histamine showed a significant
increase after antigen sensitization compared to the
control (3.4 times). In diabetic guinea pigs, response to
histamine was significantly decreased compared to the
antigen-sensitized (21.8 times) and control animals (5.6
times). Dose response to histamine showed significant
decrease in diabetic antigen-sensitized guinea pigs
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compared to the antigen sensitized (13.1 times) and
control (3.3 times) groups. Furthermore, significant
increase in dose response to histamine was shown for
insulin-treated diabetic antigen-sensitized guinea pigs,
compared to the diabetic (19.4 times), diabetic antigen-
sensitized (11.7 times) and control groups (3.4 times)

(Figure 2).
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Figure 1. Blood glucose level (mg/dl) in all experimental
groups: In all experimental groups, glucose level in blood
(mg/dl) was measured using blood glucose monitor. A
value of 130 mg glucose/dl blood or more assigned as a
confirmation of diabetes.

We showed that airway reactivity to histamine in
the presence of L-NAME in diabetic guinea pigs was
significantly decreased compared to both antigen-
sensitized (6.3 times) and control groups (4.5 times).
On the other hand, airway reactivity to histamine in the
presence of L-NAME in diabetic-antigen sensitized
guinea pigs showed significant decrease compared to
both antigen-sensitized (5.4 times) and control groups
(3.9 times). Response to histamine in the presence of L-
NAME, in insulin-treated diabetic-antigen sensitized
guinea pigs showed significant decrease compared to
antigen-sensitized (6.4 times) and control groups (4.6
times) (Figure 2).

Dose response to histamine of diabetic guinea pigs
incubated with L-Arg was significantly increased
compared to the control (6 times). Dose response to
histamine of diabetic-antigen sensitized guinea pigs in
incubation with L-Arg showed significant increase
when compared to the control (7.7 times) (Table 1).
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Methylene blue significantly increased response to response to histamine in diabetic-antigen sensitized
histamine in diabetic guinea pigs compared to control guinea pigs compared to control (15.4 times) (Table 1).
(12 times). Methylene blue significantly increased dose
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Figure 2. Airway reactivity of guinea pigs to histamine in the control condition(m) and the presence of L-NAME(g). In all
experimental groups, Prepared trachea rings were tied to the hook of the stainless steel and connected to a force transducer
for measurement of isometric tension. Trachea rings were incubated with only Krebs-Henseleit (control condition) or L-
NAME for 30 min and in each case dose response curve was obtained with cumulative increases in histamine from 107 - 102
mmol/L. Data shown for isometric tension test are the means + s.e.mean of five experiments. * p<0.05; ** p<0.01; ***
p<0.001; compared to control. ### p<0.001; compared to antigen sensitized guinea pigs. ¢pd p<0.001; compared to diabetic
and diabetic-antigen sensitized guinea pigs; 111 p<0.001 compared to diabetic, diabetic-antigen sensitized and insulin-treated
diabetic-antigen sensitized guinea pigs.

Table 1. pECS0 values in all experimental groups

Groups of Guinea pigs Krebs-Henseleit L-NAME L-Arg methylene blue
(control condition)
pECs pECs pECs pECs

Control 4.97+0.11 5.18 0.1 4.98 +0.23 5.25+0.07
Antigen Sensitized 5.56 £ 0.1 5.32 £ 0.03 5.25+0.1 5.29 £0.12
Diabetic 422+0.18%¢ 452+01%"  500+£0.14>¢ 530+0.1%"
Diabetic- Antigen Sensitized 4.44£01"9 458+£0.06"" 533+0.05™"  563+0.03%
Insulin treated Diabetic- Antigen Sensitized 5.51+0.06 451+0.02%)  555+0.13°% 5.54+0.23 1

In all experimental groups, prepared trachea rings were tied to the hock of the stainless steel and connected to a force transducer for measurement of
isometric tension. Trachea rings were incubated with Krebs Henseleit (control condition), L-NAME, L-Arg or Methylene blue for 30 min and in each
case dose response curve was obtained with cumulative increases in histamine from 107 — 10° mmol/L. Airway reactivity to histamine was evaluated
as pECsy (-logio ECso) values. Data shown for isometric tension test are the means + s.e.mean of five experiments. The same letters were used to show
significance difference between two groups. a, p<0.01; b, p<0.001; ¢, p<0.001; d, p<0.001; e, p<0.05; f, p<0.001; g, p<0.001; h, p<0.001; i, p<0.001;
3, p<0.01.
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Dose response to histamine in the presence of L-
NAME showed a significant decrease in diabetic,
diabetic-antigen sensitized and insulin treated diabetic-
antigen sensitized guinea pigs when compared to the L-
Arg incubated diabetic (3 times), diabetic-antigen
sensitized (5.6 times) and insulin treated diabetic-
antigen sensitized guinea pigs (10.9 times) (Table 1).
Dose response to histamine in the presence of
methylene blue made significant increase in the airway
reactivity of diabetic, diabetic-antigen sensitized and
insulin treated diabetic-antigen sensitized guinea pigs
compared to the effect of L-NAME in diabetic (6
times), diabetic-antigen sensitized (11.2 times) and
insulin treated diabetic-antigen sensitized guinea pigs
(10.7 times) (Table 1).

DISCUSSION

We found that dose response to histamine showed
significant decrease in both diabetic and diabetic-
antigen sensitized guinea pigs when compared to the
control animals. In this respect, our findings on the
airway reactivity in diabetic and diabetic-antigen
sensitized guinea pigs are in line with previous
reports.'>"® In this respect, Szilvassy et al. (2001)
believed that the attenuated bronchomotor response in
insulin deficient diabetic rats is related to a decrease in
release of sensory neuropeptides like substance P,
Somatostatin and CGRP. They showed that these
contractile agents play an important role in neurogenic
bronchoconstriction. In this regard, Cavalher-Machado
et al. (2004) reported a reduced -contraction to
ovalbumine in isolated bronchial segments from
diabetic rats. They found the number of degranulated
mast cells and histamine release reduced by a 50% in
diabetic ones. Furthermore, they showed a complete
recovery of the impaired responses under the influence
of insulin. Cavalher-Machado et al. (2004) believed
that insulin might modulate the controlling of mast cell
degranulation. In addition, it has been shown that the
amount of stored histamine in diabetic mast cell
granules was not different from that found in healthy
ones.'"*

In present study, we showed that in the presence of
L-Arg, dose response to histamine increased in both
diabetic and diabetic-antigen sensitized animals
compared to control. On the other hand, airway
reactivity to histamine in the presence of L-NAME in
diabetic, diabetic-antigen sensitized guinea pigs
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showed no significant difference when compared with
the control. In addition, dose response of the tracheal
rings to histamine in the presence of L-Arg showed a
significant increase in diabetic, diabetic-antigen
sensitized and insulin treated diabetic-antigen
sensitized guinea pigs when compared with the L-
NAME incubated diabetic, diabetic-antigen sensitized
and insulin treated diabetic-antigen sensitized ones.
This condition may be due to high amount of NO
formed by iNOS. The role of iNOS in inflammatory
diseases like asthma has been documented by some
investigators.'>'® It is well established under
inflammatory conditions, iNOS may be expressed in
variety of pulmonary cells, including epithelial,'
endothelial® and vascular smooth muscle caells,19
fibroblasts,” and various inflammatory cells, such as
alveolar macrophages,”’ eosinophils™ and
neutrophils.” Increased iNOS expression causes
generation of high NO concentration. In this respect,
previous findings showed that in asthmatic patients the
higher levels of iINOS derived NO has deleterious
effects and appears to be associated with airway
inflammation by causing mucosal swelling, infiltration
of inflammatory cells, epithelial damage and airway
hyperreactivity (AHR).**?” In this line, it is well
documented cNOS activity reduces after allergen
exposure. Mechanism of reduced cNOS activity has
implicated reduced protein expression of both nNOs
and eNOS, which may occur after repeated allergen
exposition.”® On the other hand, Cerchiaro et al. (2001)
showed an increase in expression and activity of iNOS
in neutrophil obtained from alloxan-induced diabetic
rats.”’ In this respect some evidence has implicated
dysfunctional NOS and decreased NO availability in
endothelium as a major pathogenic mechanism in
diabetic vascular complications in humans and diabetic
animals."' By considering our finding and above-
mentioned findings, we can probably conclude increase
iNOS expression occurred in diabetic and diabetic
antigen-sensitized guinea pigs. In this respect, while L-
NAME inhibited the pro-inflammatory effects of iNOS
derived NO on the respiratory system the effect of L-
Arg increased production of NO and its detrimental
effects on the respiratory tract. Mechanism involved in
deleterious effects of NO include inhibition of key
enzyme of the mitochondrial respiratory chain and
energy metabolism, mitochondrial Ca*  efflux,
activation of apoptotic enzymes, lipid peroxidation and
DNA strand breakage with subsequent activation of
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poly (ADP-ribose) synthetase.’® Most of these
mechanisms can be attributed to OONO (peroxynitrite)
generated by concomitant overproduction of NO and
O, under these conditions. Notably, ONOO™ formed
during oxidative stress may have a procontractlie
action, which involves oxidative inactivation of the K,
channel as well as sarco/endoplasmatic reticulum Ca®'-
ATPase type 2.°!

We found that methylene blue significantly
increased response to histamine in diabetic and
diabetic-antigen sensitized guinea pigs compared to
control. By considering these findings, it can be
concluded that guanylyl cyclase may be involved in the
hyporeactivity of the airway in both diabetic and
diabetic- antigen sensitized guinea pigs. This ascertain
is in line with findings of Suzuki et al.(1986),
Watanabe et al. (1990), Jones et al. (1994) and Ijima et
al. (1995) on the soluble guanylyl cyclase (sGC). In
fact, sGC is regarded as the key enzyme in mediating
tracheal relaxation induced by NO and NO-related
compounds through elevating the intracellular
concentration of cyclic GMP.**** However, there are
also indications that NO-donors relax tracheal smooth
muscle via a cyclic GMP-independent mechanism.***
But our findings on the opposite effects of L-NAME
and methylene blue in the responsiveness of tracheal
rings may implicate a non-specific effect for methylene
blue.

In conclusion, based on the results of this study,
experimental diabetes was found to decrease the
responsiveness of tracheal rings in the presence or
absence of allergy. Unexpectedly, increase of NO
production enhanced airway responsiveness in response
to histamine in diabetic and diabetic- antigen sensitized
animals; on the other hand, blockage of NO production
showed an opposite effect. The findings of this research
work showed that NO had no role in hypo-
responsiveness of airway in diabetic and diabetic-
antigen sensitized animals. The opposite effects of L-
NAME and methylene blue in the responsiveness of
tracheal rings may implicate a non-specific effect for
methylene blue, i.e., it may exert effects other than
inhibition of guanylyl cyclase.

However, further studies for finding the correlation
between the NO levels and the expression of the NOS
isoforms genes in diabetic and diabetic-antigen
sensitized animals are necessary.

18/ IRANIAN JOURNAL OF ALLERGY, ASTHMA AND IMMUNOLOGY

ACKNOWLEDGEMENTS

We thank Dr. Harm Marssingh for critical reading
of the manuscript.

REFERENCES

1. Garcia-Leme J, Farsky SP. Hormonal control of
inflammatory responses. Mediat Inflamm 1993; 2(3):181-
98.

2. Douek IF, Leech NJ, Gillmor HA, Bingley PJ, Gale EA.
Children with type-1 diabetes and their unaffected siblings
have fewer symptoms of asthma. Lancet 1999;
353(9167):1850.

3. Tinkelman D, King S. Severe asthma and volatile
diabetes mellitus in the same patient: a treatment dilemma.
J Allergy Clin Immunol 1979; 64(3):223-6.

4. Bottini N, Fontana L. Asthma and diabetes. Lancet 1999;
354(9177):515-6.

5. Olesen AB, Juul S, Birkebaek N, Thestrup-Pederson K.
Association between atpoic dermatitis and insulin-
dependent diabetes mellitus: a case control study. Lancet
2001; 357(9270): 1749-52.

6. Cardwell CR, Shields MD, Carson DJ, Patterson CC. A
meta-analysis of the association between childhood type 1
diabetes and atopic disease. Diabetes Care 2003;
26(9):2568-74.

7. Barnes PJ, Beivisi MG. Nitric oxide and lung disease.
Thorax 1993; 48(10):1034-43.

8. Barnes PJ, Liew FY. Nitric oxide and asthmatic
inflammation. Immunol Today 1995; 16(3):128-30.

9. Gaston B, Drazen JM, Loscalzo J, Stamler JS. The
biology of nitrogen oxides in the airways. Am J Respir
Crit Care Med 1994; 14 9(2 Pt 1):538-51.

10. Nijkamp FP, G Folkerts. Nitric oxide and bronchial
reactivity. Clin Exp Allergy 1994; 24:905-14.

11. Santilli F, Cipollone F, Mezzetti A, Chiarelli F. The role
of nitric oxide in the development of diabetic angiopathy.
Horm Metab Res 2004; 36(5):319-35.

12. Szilvassy J, Sziklai I, Horvath P, Szilasi M, Németh J,
Kovacs P, Szilvassy Z. Feeble bronchomotor responses in
diabetic rats in association with decreased sensory
neuropeptide release. Am J Physiol Lung Cell Mol Physiol
2002; 282(5):L1023-30.

13. Cavalher-Machado SC, de Lima WT, Damazo AS, de
Frias Carvalho V, Martins MA, e Silva PM, Sannomiya P.
Down-regulation of mast cell activation and airway
reactivity in diabetic rats: role of insulin. Eur Respir J
2004; 24(4):552-8.

Vol. 9, No. 1, March 2010



Nitric Oxide and Airway Responsiveness

14. De Oliveira Barreto E, de Frias Carvalho V, Diaz BL,
Balduino A, Cordeiro RS, Martins MA, Rodrigues e Silva
PM. Adoptive transfer of mast cells abolishes the
inflammatory refractoriness to allergen in diabetic rats. Int
Arch Allergy Immunol 2003; 131(3):212-20.

15. Redington AE, Meng QH, Springall DR, Evans TJ,
Creminon C, Maclouf J, et al. Increased expression of
inducible nitric oxide synthase and cyclo-oxygenase-2 in
the airway epithelium of asthmatic subjects and regulation
by corticosteroid treatment. Thorax 2001; 56(5):351-7.

16. Trifilieff A, Fujitani Y, Mentz F, Dugas B, Fuentes M,
Bertrand C. Inducible nitric oxide synthase inhibitors
suppress airway inflammation in mice through down-
regulation of chemokine expression. J Immunol 2000;
165(3):1526-33.

17. Pechkovsky DV, Zissel G, Goldmann T, Einhaus M,
Taube C, Magnussen H, et al. Pattern of NOS2 and NOS3
mRNA expression in human A549 cells and primary
cultured AEC II. Am J Physiol Lung Cell Mol Physiol
2002; 282(4):L684-92.

18. Ermert M, Ruppert C, Gunther A, Duncke HR, Seeger W,
Ermert L. Cell-specific nitric oxide synthase-isoenzyme
expression and regulation in response to endotoxin in
intact rat lungs. Lab Invest 2002; 82(4):425-41.

19. Thomae KR, Geller DA, Billiar TR, Davies P, Pitt BR,
Simmons RL, et al. Antisense oligodeoxynucleotide to
inducible nitric oxide synthase inhibits nitric oxide
synthesis in rat pulmonary artery smooth muscle cells in
culture. Surgery 1993; 114(2):272-7.

20. Romanska HM, Polak JM, Coleman RA, James RS,
Harmer DW, Allen JC, et al. INOS gene upregulation is
associated with the early proliferative response of human
lung fibroblasts to cytokine stimulation. J Pathol 2002;
197(3):372-9.

21. Pechkovsky DV, Zissel G, Stamme C, Goldmann T, Ari
JH, Einhaus M, Taube C, Magnussen H, Schlaak M,
Muller-Quernheim J. Human alveolar epithelial cells
induce nitric oxide synthase-2 expression in alveolar
macrophages. Eur Respir J 2002; 19(4):672-83.

22. Del Pozo V, de Arruda-Chaves E, de AB, Cardaba B,
Lopez-Farre A, Gallardo S, et al. Eosinophils transcribe
and translate messenger RNA for inducible nitric oxide
synthase. J Immunol 1997; 158(2):859-64.

23. Blackford JA Jr, Antonini JM, Castranova V, Dey RD.
Intratracheal instillation of silica up-regulates inducible
nitric oxide synthase gene expression and increases nitric
oxide production in alveolar macrophages and neutrophils.
Am J Respir Cell Mol Biol 1994; 11(4):426-31.

Vol. 9, No. 1, March 2010

24. Saleh D, Emnst P, Lim S, Barnes PJ, Giaid A. Increased
formation of the potent oxidant peroxynitrite in the
airways of asthmatic patients is associated with induction
of nitric oxide synthase: effect of inhaled glucocorticoid.
FASEB J 1998; 12(11):929-37.

25. Kuo HP, Liu S, Barnes PJ. The effect of endogenous
nitric oxide on neurogenic plasma exudation in guinea pig
airways. Eur J Pharmacol 1992: 221(2-3):385-8.

26. Flak TA, GoldmanWE. Autotoxicity of nitric oxide in
airway disease. Am J Respir Crit Care Med 1996; 154(4 pt
2): S202-6.

27. Schuiling M, Meurs H, Zuidhof AB, Venema N, Zaagsma
J. Dual action of iNOS-derived nitric oxide in allergen-
induced airway hyperreactivity in conscious, unrest-rained
guinea pigs. Am J Respir Crit Care Med 1998; 158(5 pt
1):1442-9.

28. Ricciardolo FL, Timmers MC, Geppetti P, van
Schadewijk A, Brahim JJ, Sont JK, et al. Allergen-induced
impairment of bronchoprotective nitric oxide synthesis in
asthma. J Allergy Clin Immunol 2001; 108(2):198-204.

29. Cerchiaro GA, Scavone C, Texeira S, Sannomiya P.
Inducible nitric oxide synthase in rat neutrophils: role of
insulin. Biochem Pharmacol 2000; 62(3):357-62.

30. Szabo C, Saunders C, O'Connor M, Salzman AL.
Peroxynitrite causes energy depletion and increases
permeability via activation of poly (ADP-ribose)
synthetase in pulmonary epithelial cells. Am J Respir Cell
Mol Biol 1997; 16(2):105-9.

31. De Boer J, Meurs H, Flendrig L, Koopal M, Zaagsma, J.
Role of nitric oxide and superoxide in allergen-induced
airway hyperreactivity after the late asthmatic reaction in
guinea-pigs. Br J Pharmacol 2001; 133(8):1235-42.

32. Suzuki K, Takagi K, Satake T, Sugiyama S, Ozawa T.
The relationship between tissue levels of cyclic GMP and
tracheal smooth muscle relaxation in the guinea pig. Clin
Exp Pharmacol Physiol 1986; 13(1):39-46.

33. Watanabe H, Suzuki K, Takagi K, Satake T. Mechanism
of atrial natriuretic polypeptide and sodium nitroprusside-
induced relaxation in guinea pig tracheal smooth muscle.
Arzneimittelforschung 1990; 40(7):771-6.

34. Jones KA, Lorenz RR, Warner DO, Katusic ZS, Sieck
GC. Changes in cytosolic cGMP and calcium in airway
smooth muscle relaxed by 3-morpholinosydnonimine. Am
J Physiol 1994; 266(1 pt 1):L9-16.

35. Jjioma SC, Challiss RA, Boyle JP. Comparative effects of
activation of soluble and particulate guanylyl cyclase on
cGMP elevation and relaxation of bovine tracheal smooth
muscle. Br J Pharmacol 1995; 115(5): 723-32.

IRANIAN JOURNAL OF ALLERGY, ASTHMA AND IMMUNOLOGY /19



S. Kolahian, et al.

36. Zhou H-L, Torphy TJ. Relationship between cyclic
guanosine monophosphate accumulation and relaxation of
canine  trachealis induced by nitrovasodilators.
J Pharmacol Exp Ther 1991; 258(3):972-8.

37. Gaston B, Drazen JM, Jansen A, Sugarbaker DA,
Loscalzo J, Richards W, et al. Relaxation of human
bronchial smooth muscle by S-nitrosothiols in vitro.
J Pharmacol Exp Ther 1994; 268(2):978-84.

20/ IRANIAN JOURNAL OF ALLERGY, ASTHMA AND IMMUNOLOGY

38. Sadeghi-Hashjin G, Folkerts G, Hendricks PAJ, Van de
Loo PGF, Dik IEM, Nijkamp FP. Relaxation of guinea pig
trachea by sodium nitropursside: cyclic GMP and nitric
oxide not involved. Br J Pharmacol 1996; 118(3):466-70.

39. Stuart-Smith K, Byone TC, Lindeman KS, Hirshman CA.
Differential effects of nitrovasodilators and nitric oxide on
porcine tracheal and bronchial muscle in vitro. J Appl
Physiol 1994; 77(3):1142-7.

Vol. 9, No. 1, March 2010




S. Kolahian, et al.


Nitric Oxide and Airway Responsiveness




ORGINAL ARTICLE


Iran J Allergy Asthma Immunol


March 2010; 9(1): 13-20

The Role of Nitric Oxide in Airway Responsiveness in Diabetic-Antigen Sensitized Guinea Pigs in Vitro

Saeed Kolahian1, Goudarz Sadeghi-Hashjin2, Farzad Asadi3, and Mostafa Moin4

1Department of Basic Sciences, Faculty of Veterinary Medicine, University of Tabriz, Tabriz, Iran


2 Department of Pharmacology, Faculty of Veterinary Medicine, University of Tehran, Tehran, Iran


3 Department of Biochemistry, Faculty of Veterinary Medicine, University of Tehran, Tehran, Iran


4 Department of Clinical Immunology and Allergy, Immunology, Asthma and Allergy Research Institute,

 Tehran University of Medical Sciences, Tehran, Iran


Received: 30 January 2010; Received in revised form: 7 February 2010; Accepted:  15 February 2010

ABSTRACT

Clinical asthma and airway responsiveness appear to be less severe when diabetes is superimposed. The aim of the present study was to determine the possible role of Nitric Oxide (NO) in the airway reactivity under diabetic and diabetic-allergic conditions. 

Twenty-five male guinea-pigs were divided into five groups of five each as follows: diabetic, antigen sensitized, diabetic- antigen sensitized, insulin-treated diabetic- antigen ovalbumin sensitized and control animals. Tracheal rings of all groups were mounted in an organ bath system for isometric contraction measurements. Tissues were pre-incubated with either of the following chemicals: L-NAME, L-arginine or methylene blue. Cumulative concentration response curve was made with histamine. 

Decrease in the airway reactivity in diabetic and diabetic- antigen sensitized animals were shown compared to the antigen sensitized animals. pEC50 values of histamine in the presence of L-Arg showed increase in diabetic and diabetic- antigen sensitized animals compared to the  controls. In the presence of methylene blue, these values showed an increase in diabetic and diabetic- antigen sensitized animals compared to the controls. However, incubation with L-NAME did not change the airway responsiveness to histamine in diabetic and diabetic- antigen sensitized animals compared to the controls. 

Experimental diabetes causes were found to decrease the responsiveness of tracheal rings in the presence or absence of allergy. 

Findings of this research work showed that NO had no role in hypo-responsiveness of airway in diabetic and diabetic- antigen sensitized animals. 
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INTRODCUTION


Modulating effects of hormones and other endocrine


factors in allergic inflammation have been shown in some researches. Attenuating effects of glucocorticoids or adrenergic agents are some obvious examples. Experimental finding indicates a relative lack of insulin in an organism causes an overall reduction in inflammatory reaction.1 The mechanisms responsible for the reduced allergic reaction in diabetic patients are still unknown. Several studies however, indicate that the incidence of asthma in diabetic patients is less than that in the residual population. In addition, Douek et al (1999) showed that clinical asthma appears to be less severe when diabetes is superimposed. Moreover, the onset of the diabetic state is accompanied by diminution in symptoms of previously existing bronchial asthma. It is noteworthy that allergic disorders, including asthma, atopic dermatitis and eczema, have an uncommon occurrence in diabetic patients.2-9. The mechanism involved in this protection is not completely clear. In this line, It is well established that nitric oxide (NO) is involved in the regulation of airway tone as well as in asthmatic inflammation.7-9 NO is synthesized from the semi-essential amino acid L-arginine by the enzyme NO synthase (NOS), of which different isoforms have been identified in the respiratory system. Recent experimental evidence has suggested different roles of NO in the regulation of mammalian airway function.10 It is now well established that NO in low concentration has attenuating effects on the airway reactivity but the high concentration because of peroxynitrite has opposite effects. On the other hand, some evidence has implicated dysfunctional NOS and decreased NO availability in endothelium of diabetic humans and animals.11 By consideration of NO effects on the respiratory system the aim of the present study was to investigate the role of NO in the airway reactivity in diabetic and diabetic-antigen sensitized guinea pigs.

MATERIALS AND METHODS

Experimental Groups


Twenty five male Dunkin-Hartley guinea pigs (400-500 g) were acclimatized in the animal house (12-hour light/dark periods, temperature of 22-25ºC) for 10 days and received a regular chow diet. After acclimation period guinea pigs were randomly categorized into five groups of five animals each: 


I). diabetic; streptozotocin (STZ)-treated


II). antigen sensitized


III). antigen sensitized-diabetic


IV). antigen sensitized-diabetic plus insulin   


        injection 


V). nondiabetic, unsensitized controls


Induction of Diabetes and Allergy


Diabetes was induced with a single intra-peritoneal injection of 180 mg/kg streptozotocin (STZ; Zanosar, Upjohn, Kalamazoo, MI, USA). Antigen sensitizatin were performed by two intra-peritoneal injections of 1 ml/kg 5% (w/v) ovalbumin (grade III; Sigma, St Louis, MO, USA). Control animals were administered with the solvent of STZ and ovalbumin (normal saline).12 In the antigen sensitized diabetic group, animals were sensitized four weeks after STZ injection on two consecutive days. In addition, a subset of the antigen-sensitized diabetic guinea pigs received long-acting (NPH) insulin (Isophane®, Lansulin Exir, Iran) in a dose of 2U/3days subcutaneously for 4 weeks, beginning from the first sensitization day. The presence of diabetes was verified by measuring the blood glucose levels > 130 mg/dl, using blood glucose monitor (Glucocare®, 77 Elektronika Kft. Haungray) in samples obtained from the vein of the ear. A value of 130 mg glucose/dl blood or more indicated a successful induction of diabetes.


Isolation of Trachea


Animals in the diabetic and antigen sensitized groups were anesthetized with Ketamin (Alfasan, The Netherlands) 50 mg/kg plus Xylazine (Alfasan, The Netherlands) 5 mg /kg IM, and their trachea removed. Guinea pigs in the diabetic-antigen sensitized and diabetic-antigen sensitized plus insulin injection groups were anesthetized in the same way after 8 weeks and their trachea removed. In addition five guinea pigs were assigned to the control group in each time of trachea isolation (4 and 8 weeks). 


Measurement of Airway Contraction in vitro


The tracheas were prepared free of serosal connective tissue, cut into four triple rings and mounted in 20-ml organ bath (semi-Automatic organ bath LSI Lecta, Spain) containing Krebs-Henseleit solution (NaCl 117.5 mM, KCl 5.60 mM, MgSO4 1.18 mM, CaCl2 2.50 mM, NaH2PO4 1.28 mM, NaHCO3 25.0 mM, D-glucose 5.50 mM). The buffer was aerated with carbogen (5% CO2 and 95% O2) at a constant pH (7.4) and temperature (37ºC). Each side of the trachea rings was tied to a stainless steel hook and connected to a force transducer for measurement of isometric tension (powerlab/4sp AD Instrument Company, Australia). Tracheal preparations were allowed to equilibrate for 45 min under an initial tension of 1 g, with wash-outs every 15 min. After equilibration, the tracheal preparations were incubated for 30 min with vehicle (Krebs-Henseleit), 1mM of the NOS substrate L-arginine (1543 Sigma, St Louis, MO, USA), 120µM of the subtype nonselective NOS inhibitor L-NAME (N5751 Sigma, St Louis, MO, USA) or 10µM of the guanylyl cyclase inhibitor methylene blue (FN1002543 630 Merck, Darmstadt, Germany) for 30 min. Subsequently, cumulative dose response curves to histamine (4370 Merck, Darmstadt, Germany) were constructed ranging from 10-7 to 10-3 mmol/L.

Statistical Analysis


Airway reactivity to histamine was evaluated as pEC50 (-log10 EC50) values. Data were expressed as mean ± SEM. Comparison of cumulative concentration-dependent curves for contraction was performed by nonlinear regression analysis based on a four logistic equation. The pEC50 values of the fitted curves were compared by 1 way ANOVA which were constrained at the bottom (0) and top (100). P<0.05 was considered to be significant.

RESULTS

Treatment with STZ induced diabetes in guinea pigs as shown by the increased glucose levels in blood compared to control animals (Figure 1). Antigen sensitization did not affect basal or STZ-induced blood glucose levels, whereas cotreatment with insulin normalized the STZ-induced increase in blood glucose (Figure 1) 


Dose response to histamine showed a significant increase after antigen sensitization compared to the control (3.4 times). In diabetic guinea pigs, response to histamine was significantly decreased compared to the antigen-sensitized (21.8 times) and control animals (5.6 times). Dose response to histamine showed significant decrease in diabetic antigen-sensitized guinea pigs compared to the antigen sensitized (13.1 times) and control (3.3 times) groups. Furthermore, significant increase in dose response to histamine was shown for insulin-treated diabetic antigen-sensitized guinea pigs, compared to the diabetic (19.4 times), diabetic antigen-sensitized (11.7 times) and control groups (3.4 times) (Figure 2).
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Figure 1. Blood glucose level (mg/dl) in all experimental groups:  In all experimental groups, glucose level in blood (mg/dl) was measured using blood glucose monitor. A value of 130 mg glucose/dl blood or more assigned as a confirmation of diabetes.

We showed that airway reactivity to histamine in the presence of L-NAME in diabetic guinea pigs was significantly decreased compared to both antigen-sensitized (6.3 times) and control groups (4.5 times). On the other hand, airway reactivity to histamine in the presence of L-NAME in diabetic-antigen sensitized guinea pigs showed significant decrease compared to both antigen-sensitized (5.4 times) and control groups (3.9 times). Response to histamine in the presence of L-NAME, in insulin-treated diabetic-antigen sensitized guinea pigs showed significant decrease compared to antigen-sensitized (6.4 times) and control groups (4.6 times) (Figure 2).

Dose response to histamine of diabetic guinea pigs incubated with L-Arg was significantly increased compared to the control (6 times). Dose response to histamine of diabetic-antigen sensitized guinea pigs in incubation with L-Arg showed significant increase when compared to the control (7.7 times) (Table 1).


Methylene blue significantly increased response to histamine in diabetic guinea pigs compared to control (12 times). Methylene blue significantly increased dose response to histamine in diabetic-antigen sensitized guinea pigs compared to control (15.4 times) (Table 1).
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Figure 2. Airway reactivity of guinea pigs to histamine in the control condition(■) and the presence of L-NAME(  ). In all experimental groups, Prepared trachea rings were tied to the hook of the stainless steel and connected to a force transducer for measurement of isometric tension. Trachea rings were incubated with only Krebs-Henseleit (control condition) or L-NAME for 30 min and in each case dose response curve was obtained with cumulative increases in histamine from 10-7 – 10-3 mmol/L. Data shown for isometric tension test are the means ± s.e.mean of five experiments. * p<0.05; ** p<0.01; *** p<0.001; compared to control. ### p<0.001; compared to antigen sensitized guinea pigs. ффф p<0.001; compared to diabetic and diabetic-antigen sensitized guinea pigs; ††† p<0.001 compared to diabetic, diabetic-antigen sensitized and insulin-treated diabetic-antigen sensitized guinea pigs.

Table 1. pEC50 values in all experimental groups

		methylene blue

		L-Arg

		L-NAME

		Krebs-Henseleit


(control condition)

		Groups of Guinea pigs






		pEC50

		pEC50

		pEC50

		pEC50

		



		5.25 ± 0.07

		4.98 ± 0.23

		5.18 ± 0.1

		4.97 ± 0.11

		Control



		5.29 ± 0.12

		5.25 ± 0.1

		5.32 ± 0.03

		5.56 ± 0.1

		Antigen Sensitized



		5.30 ± 0.1 c, h

		5.00 ± 0.14 a, e

		4.52 ± 0.1 e, h

		4.22 ± 0.18 a, c

		Diabetic



		5.63 ± 0.03 d, i

		5.33 ± 0.05 b, f

		4.58 ± 0.06 f, i

		4.44 ± 0.1 b, d

		Diabetic- Antigen Sensitized



		5.54 ± 0.23  j

		5.55 ± 0.13 g

		4.51 ± 0.02 g, j

		5.51 ± 0.06

		Insulin treated Diabetic- Antigen Sensitized





In all experimental groups, prepared trachea rings were tied to the hock of the stainless steel and connected to a force transducer for measurement of isometric tension. Trachea rings were incubated with Krebs Henseleit (control condition), L-NAME, L-Arg or Methylene blue for 30 min and in each case dose response curve was obtained with cumulative increases in histamine from 10-7 – 10-3 mmol/L. Airway reactivity to histamine was evaluated as pEC50 (-log10 EC50) values. Data shown for isometric tension test are the means ± s.e.mean of five experiments. The same letters were used to show significance difference between two groups. a, p<0.01; b, p<0.001; c, p<0.001; d, p<0.001; e, p<0.05; f, p<0.001; g, p<0.001; h, p<0.001; i, p<0.001; j, p<0.01.


Dose response to histamine in the presence of L-NAME showed a significant decrease in diabetic, diabetic-antigen sensitized and insulin treated diabetic-antigen sensitized guinea pigs when compared to the L-Arg incubated diabetic (3 times), diabetic-antigen sensitized (5.6 times) and insulin treated diabetic-antigen sensitized guinea pigs (10.9 times) (Table 1).


Dose response to histamine in the presence of methylene blue made significant increase in the airway reactivity of diabetic, diabetic-antigen sensitized and insulin treated diabetic-antigen sensitized guinea pigs compared to the effect of L-NAME  in diabetic (6 times), diabetic-antigen sensitized (11.2 times) and insulin treated diabetic-antigen sensitized guinea pigs (10.7 times) (Table 1).

DISCUSSION

We found that dose response to histamine showed significant decrease in both diabetic and diabetic-antigen sensitized guinea pigs when compared to the control animals. In this respect, our findings on the airway reactivity in diabetic and diabetic-antigen sensitized guinea pigs are in line with previous reports.12,13 In this respect, Szilvássy et al. (2001) believed that the attenuated bronchomotor response in insulin deficient diabetic rats is related to a decrease in release of sensory neuropeptides like substance P, Somatostatin and CGRP. They showed that these contractile agents play an important role in neurogenic bronchoconstriction. In this regard, Cavalher-Machado et al. (2004) reported a reduced contraction to ovalbumine in isolated bronchial segments from diabetic rats. They found the number of degranulated mast cells and histamine release reduced by a 50% in diabetic ones. Furthermore, they showed a complete recovery of the impaired responses under the influence of insulin. Cavalher-Machado et al. (2004) believed that insulin might modulate the controlling of mast cell degranulation. In addition, it has been shown that the amount of stored histamine in diabetic mast cell granules was not different from that found in healthy ones.14

In  present study, we showed that in the presence of L-Arg, dose response to histamine increased in both diabetic and diabetic-antigen sensitized animals compared to control. On the other hand, airway reactivity to histamine in the presence of L-NAME in diabetic, diabetic-antigen sensitized guinea pigs showed no significant difference when compared with the control. In addition, dose response of the tracheal rings to histamine in the presence of L-Arg showed a significant increase in diabetic, diabetic-antigen sensitized and insulin treated diabetic-antigen sensitized guinea pigs when compared with the L-NAME incubated diabetic, diabetic-antigen sensitized and insulin treated diabetic-antigen sensitized ones. This condition may be due to high amount of NO formed by iNOS. The role of iNOS in inflammatory diseases like asthma has been documented by some investigators.15,16 It is well established under inflammatory conditions, iNOS may be expressed in variety of pulmonary cells, including epithelial,17 endothelial18 and vascular smooth muscle cells,19 fibroblasts,20 and various inflammatory cells, such as alveolar macrophages,21 eosinophils22 and neutrophils.23 Increased iNOS expression causes generation of high NO concentration. In this respect, previous findings showed that in asthmatic patients the higher levels of iNOS derived NO has deleterious effects and appears to be associated with airway inflammation by causing mucosal swelling, infiltration of inflammatory cells, epithelial damage and airway hyperreactivity (AHR).24-27 In this line, it is well documented cNOS activity reduces after allergen exposure. Mechanism of reduced cNOS activity has implicated reduced protein expression of both nNOs and eNOS, which may occur after repeated allergen exposition.28 On the other hand, Cerchiaro et al. (2001) showed an increase in expression and activity of iNOS in neutrophil obtained from alloxan-induced diabetic rats.29 In this respect some evidence has implicated dysfunctional NOS and decreased NO availability in endothelium as a major pathogenic mechanism in diabetic vascular complications in humans and diabetic animals.11 By considering our finding and above-mentioned findings, we can probably conclude increase iNOS expression occurred in diabetic and diabetic antigen-sensitized guinea pigs. In this respect, while L-NAME inhibited the pro-inflammatory effects of iNOS derived NO on the respiratory system the effect of L-Arg increased production of NO and its detrimental effects on the respiratory tract. Mechanism involved in deleterious effects of NO include inhibition of key enzyme of the mitochondrial respiratory chain and energy metabolism, mitochondrial Ca2+ efflux, activation of apoptotic enzymes, lipid peroxidation and DNA strand breakage with subsequent activation of poly (ADP-ribose) synthetase.30 Most of these mechanisms can be attributed to OONO- (peroxynitrite) generated by concomitant overproduction of NO and O2- under these conditions. Notably, ONOO- formed during oxidative stress may have a procontractlie action, which involves oxidative inactivation of the KCa channel as well as sarco/endoplasmatic reticulum Ca2+-ATPase type 2.31

We found that methylene blue significantly increased response to histamine in diabetic and diabetic-antigen sensitized guinea pigs compared to control. By considering these findings, it can be concluded that guanylyl cyclase may be involved in the hyporeactivity of the airway in both diabetic and diabetic- antigen sensitized guinea pigs. This ascertain is in line with findings of Suzuki et al.(1986), Watanabe et al. (1990), Jones et al. (1994) and Ijima et al. (1995) on the soluble guanylyl cyclase (sGC). In fact, sGC is regarded as the key enzyme in mediating tracheal relaxation induced by NO and NO-related compounds through elevating the intracellular concentration of cyclic GMP.32-35 However, there are also indications that NO-donors relax tracheal smooth muscle via a cyclic GMP-independent mechanism.36-39 But our findings on the opposite effects of L-NAME and methylene blue in the responsiveness of tracheal rings may implicate a non-specific effect for methylene blue.


In conclusion, based on the results of this study, experimental diabetes was found to decrease the responsiveness of tracheal rings in the presence or absence of allergy. Unexpectedly, increase of NO production enhanced airway responsiveness in response to histamine in diabetic and diabetic- antigen sensitized animals; on the other hand, blockage of NO production showed an opposite effect. The findings of this research work showed that NO had no role in hypo-responsiveness of airway in diabetic and diabetic- antigen sensitized animals. The opposite effects of L-NAME and methylene blue in the responsiveness of tracheal rings may implicate a non-specific effect for methylene blue, i.e., it may exert effects other than inhibition of guanylyl cyclase.

However, further studies for finding the correlation between the NO levels and the expression of the NOS isoforms genes in diabetic and diabetic-antigen sensitized animals are necessary.
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