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Abstract
AIM: To generate phasic and tonic stress-strain curves 
for evaluation of intestinal smooth muscle function in 
type 2 diabetic rats during active and passive conditions.

METHODS: Seven diabetic Goto-Kakizaki (GK) male 
rats, 32-wk old (GK group), and 9 age-matched normal 
Wistar rats (Normal group) were included in the study. 
Jejunal segments were distended up to a pressure of 
10 cm H2O in an organ bath containing 37 ℃ Krebs 
solution with addition of carbachol (CA). The pres-
sure and outer diameter changes were synchronously 
recorded. Passive conditions were obtained using 
calcium-free Krebs solution containing ethylene glycol 
tetraacetic acid and papaverine. Total phasic, tonic and 
passive circumferential stress and strain were comput-
ed from the diameter and pressure data with reference 

to the zero-stress state geometry. The active phasic 
and tonic stresses were defined as the total phasic and 
tonic stresses minus the passive stress.

RESULTS: Diabetes increased jejunal mucosa and 
muscle layer thicknesses compared to the Normal group 
(mucosa, 755.8 ± 63.3 vs  633.1 ± 59.1 μm, P  < 0.01; 
muscle, 106.3 ± 12.9 vs  85.2 ± 11.7 μm, P  < 0.05). 
The pressure and stress thresholds were decreased in 
the GK group after CA application compared to disten-
sions without CA application (pressure, 1.01 ± 0.07 
vs  1.99 ± 0.19 cmH2O, P  < 0.01; stress, 0.11 ± 0.01 
vs  0.24 ± 0.02 kPa, P  < 0.01). CA application did not 
change the pressure and stress threshold in the Nor-
mal group (pressure, 2.13 ± 0.32 vs  2.34 ± 0.32 cm 
H2O, P  > 0.05; stress, 0.25 ± 0.03 vs  0.35 ± 0.06 kPa, 
P  > 0.05). The amplitude of total phasic, total tonic, 
active phasic and active tonic circumferential stresses 
did not differ for the distensions without CA application 
between the GK group and the Normal group. How-
ever, the total phasic and total tonic stresses increased 
after CA application in the GK group compared those 
in the Normal group. When normalized to muscle layer 
thickness, the amplitude of active stresses before CA 
application was lowest in the GK group compared with 
the Normal group. No difference was found during CA 
application.

CONCLUSION: The stress generated by intestinal 
muscle normalized to the muscle layer thickness was 
lowest in GK rats compared to normal rats whereas the 
response to CA stimulation was preserved.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: Length-tension diagrams of smooth muscle 
strips were obtained in intact segment of intestine in 
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vitro  in the present study. We demonstrated that it is a 
valid tool to evaluate smooth muscle function in intact 
intestine. Diabetes decreased the force (stress) gener-
ated by the smooth muscle normalized to the muscle 
layer thickness. Since the stress decreased and the 
muscle layer thickness increased in diabetic rats, it 
indicates that the intestine, at least in part, remodels 
in a stress-dependent way. Furthermore, the smooth 
muscle in Goto-Kakizaki diabetic intestine preserved its 
response to carbachol stimulation.
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INTRODUCTION
Gastrointestinal (GI) disorders are quite common in 
diabetic patients[1]. Diabetes can affect the entire GI tract 
including the small intestine. Intestinal motility disorders 
are common in diabetic patients[1] and diabetic animals[2]. 
Delayed as well as rapid small intestinal transit was ob-
served in diabetic animal models[3-6]. Small intestinal 
transit disorders have also been demonstrated in diabetic 
patients[7-13]. Camilleri and Malagelada[14] reported that 
intestinal motility was abnormal in about 80% patients 
with long-standing diabetes with delayed gastric empty-
ing. Both postprandial and fasting intestinal motility dis-
orders were reported in diabetic patients[15,16].

The pathogenesis of  intestinal motility disorders in 
diabetes is complex in nature, multi-factorial (smooth 
muscle dysfunction, mechano-sensory disorders, auto-
nomic neuropathy, lack of  glycemic control, etc.) and is 
not well understood[1]. Our previous studies have shown 
that the morphological and biomechanical properties 
of  GI tract are altered in type-1 diabetic patients[17] and 
animals[18-20]. Similar remodeling was also demonstrated 
in the esophagus[21], stomach[22] and intestine[23] in type-2 
diabetic animals. Intestinal morphometric and biome-
chanical remodeling caused by diabetes may change the 
smooth muscle function, resulting in altered intestinal 
motility[20]. However, to the best of  our knowledge, con-
traction thresholds and muscle mechanical properties 
described in terms of  stress and strain in the diabetic 
intestine have not yet been reported.

It is possible to obtain isometric length-tension dia-
grams of  phasic and tonic smooth muscle contractions 
in vitro[24]. Tools have now been developed for studying 
the active (phasic and tonic contractions) and passive 
length-tension behavior in the human gut in vivo using 
impedance planimetric distension[25-27]. From a bio-
mechanical standpoint, muscle mechanical properties 
must be described in terms of  stress and strain, i.e., the 
force per area and tissue deformation. Computation of  
the stress depends on the wall thickness which can not 

be directly measured in vivo. However, it is possible to 
measure the wall thickness in vitro and thus to obtain the 
stress-strain relationship of  the intestinal wall with refer-
ence to the zero-stress state[28,29]. Hence tonic and phasic 
stress-strain curves of  intestinal contractions can be 
obtained and by using calcium-free solution containing 
ethylene glycol tetraacetic acid (EGTA) and papaverine 
to abolish smooth muscle contractions the passive prop-
erties can be obtained as well[28,29].

Carbachol (CA) is a parasympathomimetic drug that 
directly stimulates cholinergic receptors[30]. It may also 
act indirectly by promoting release of  acetylcholine and 
by a weak anticholinesterase action[31]. In the present 
study the intestinal contraction thresholds and the stress-
strain curves of  smooth muscle contraction were also 
investigated in response to CA application.

The hypothesis was that the intestinal contraction 
thresholds and muscle contraction stress-strain curves 
are altered due to the tissue remodeling induced by dia-
betes. The aim of  this study was to compute stress-strain 
data for assessment of  intestinal smooth muscle func-
tion  in normal and Goto-Kakizaki (GK) diabetic rats. 
The contraction threshold and the contraction stress-
strain curve in normal and GK diabetic rats during and 
without CA application are compared.

MATERIALS AND METHODS
Animals and groups 
Seven inherited type 2 diabetic rats (Goto-Kakizaki rats, 
GK group, 12-wk old, weighing 330 g) were purchased 
from Taconic Europe DK-8680 Ry, Denmark. Nine age-
matched normal rats (same strain as the GK rats) served 
as controls (Normal group). The rats lived for 32 wk 
with free access to tap water and food. The body weight 
was measured on a weekly basis from birth. The fasting 
glucose level was measured every second weeks from 16 
wk after birth and at the day where the experiment was 
done. Approval of  the protocol was obtained from the 
Danish Committee for Animal Experimentation.

In vitro intestinal preparation
When the scheduled time had arrived, the rats were 
fasted overnight and then anesthetized with Hypnorm 0.5 
mg and Dormicum 0.25 mg per 100 g body weight. The 
abdominal cavity was opened and a 10-cm-long jejunal 
segment from 5 cm distal to the ligament of  Treitz was 
harvested. The residual contents in the lumen were gen-
tly cleared using physiological saline. One-cm-long speci-
mens were cut from each end of  the segment and fixed 
in 10% formalin for histological examination. Two tissue 
rings from the proximal end of  the segment were cut 
and used for no-load state and zero-stress state analysis. 
The remaining segment was inserted into the organ bath 
containing Krebs solution of  the following composition 
(mmol/L): NaCl, 118; KCl, 4.7; NaHCO3, 25; NaH2PO4, 
1.0; MgCl2, 1.2; CaCl2-H2O, 2.5; glucose, 11; ascorbic 
acid, 0.11 as soon as possible. The Krebs solution was 
37 ℃ aerated with a gas mixture (95% O2 and 5% CO2, 
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pH 7.4). Thirty minutes equilibrating time was needed 
for recovery of  the motility.

Ramp distension experimental set-up
The experimental set-up is shown in Figure 1. The prox-
imal and distal ends of  each jejunal segment were tied 
with silk threads onto two cannulas fixed on two sides 
inside the organ bath. The resting length of  the segment 
(as measured in vivo before excising the segment) was ad-
justed between two cannulas. The proximal cannula was 
connected via a tube to a fluid container containing the 
same Krebs solution as mention above. Ramp distension 
were done using a pump (Genie Programmable Syringe 
Pump, World Precision Instrument, Stevenage, United 
Kingdom). After two preconditioning cycles (inflation 
from 0 to 10 cm H2O and back again), a ramp distension 
(0-10 cm H2O) was done with closed outlet. The intes-
tinal diameters corresponding to pressure recordings in 
the intestinal segments were videotaped by a CCD cam-
era (Sony, Japan) through a stereomicroscope during the 
ditensions. The pressure and diameter data acquisition 
was done at 10 frames per second.

Three minutes after finishing the experiment above, 
the cholinergic agonist CA (final concentration: 10-5 mol) 
was applied to the organ bath. The same procedure as 
described above was repeated. Then the Krebs solution 
was replaced by calcium-free Krebs solution containing 
0.4% EGTA and 2 mg papaverine in order to abolish 
smooth muscle contractions. The same protocol as de-
scribed above was repeated again. The papaverine causes 
elevation of  cyclic adenosine monophosphate levels; 
alter mitochondrial respiration and inhibit calcium influx 
by inhibiting enzyme phosphodiesterase.

Zero-stress state of the intestinal segment
The method for determination of  the intestinal zero-

stress state has been described in detail previously[19,32]. 
One-two millimetre wide intestinal rings were trans-
ferred to calcium-free Krebs solution containing EGTA 
and papaverine. A photograph was taken of  the cross-
section of  the rings in the no-load state. Then, each ring 
was cut radially under the microscope resulting in an 
open sector geometry. Photographs of  the zero-stress 
state were taken approximately 60 min after the radial 
cutting to allow viscoelastic creep to occur.

Histological analysis of the small intestine
The intestinal segment was fixed in 10% buffered for-
malin over 24 h followed by dehydration in a series of  
graded ethanol (70%, 96% and 99%) and embedding 
in paraffin. Five-micron sections were cut perpendicu-
lar to the mucosa surface and the paraffin was cleared 
from the slides with coconut oil (over 15 min, 60 ℃). 
Redehydration was done in 99%, 96% and 70% ethanol 
followed by staining with hematoxylin and eosin. The 
layer thickness was measured by the same pathologist in 
a blinded review.

Mechanical data analysis 
Calculation of  mechanical parameters was based on the 
assessment of  the no-load state, zero-stress state dimen-
sions and the outer diameters of  the specimen at varying 
pressures[32]. The Kirchhoff ’s stress and Green’s strain in 
the intestinal wall at a given pressure were computed as-
suming circular geometry as:

Circumferential Kirchhoff ’s stress:   Sq  = 
∆Pri-p

hp l2
q

           (1)

Circumferential midwall Green’s strain:   Eq  = 
-1l 2

q

2
      (2)

where ∆P is the transmural pressure difference, r is the 
luminal radius; h is the wall thickness; and λθ is the cir-
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Figure 1  Experimental set-up. The organ bath is com-
posed of an inside chamber and an outside chamber. 
The Krebs solution contained in the small chamber was 
maintained constant at 37 ℃ by circulating hot water in 
the big chamber using a heating machine. The intestinal 
segment was placed in the small organ bath in the Krebs 
solution. The intestinal distension was applied by a pump 
and a pressure probe was used to measure the pres-
sures. The diameter changes of the intestinal segments 
were videotaped through a stereomicroscope.
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cumferential stretch ratio. Pressure, stress and strain data 
exactly when the contraction started were used to ana-
lyze the contraction thresholds.

The total phasic and the total tonic stresses (both 
composed of  active and passive tissue properties) were 
extracted from the top points (maximum pressure during 
the contraction) and the baseline pressure between con-
tractions during the distension (Figure 2A). The passive 
stress was extracted from the data obtained during dis-
tension in the calcium-free Krebs solution with EGTA 
and papaverine. Since strain was not controlled, it was 
not possible to directly compare strain between different 
samples and groups. Therefore, curve fitting was applied 
and strain points were selected for comparison between 
samples and groups.

The passive stresses increased in an exponential-
like way as function of  strain. Consequently the passive 
stress-strain curves were fitted to the exponential func-
tion equation 

S = (S* + b) ea (E - E*) - b.                                          (3)

where S* and E* are the stress and strain at a physiologi-
cal reference level. The total phasic and tonic stress-
strain curves increased in a polynomial way as function 
of  strain. Consequently the stress-strain curves were fit-
ted to the polynomial equation

S = S0 + a1E3 +a2E2 + a3E1                                        (4)

where a1, a2 and a3 are constants. Total stresses and active 
stresses (see below) were calculated both for distensions 
before and during CA application. The active phasic and 
tonic stresses were defined as the total phasic and tonic 
stresses minus the passive stress (Figure 2B).

Active phasic stress = total phasic stress - passive stress        (5)
Active tonic stress = total tonic stress - passive stress        (6)

The active phasic and tonic stresses were normalized to 
muscle layer thickness as:

Normalized active phasic stress = active phasic 
stress/muscle thickness                 (7)

Normalized active tonic stress = active tonic 
stress/muscle thickness                  (8)   

The muscle layer thickness (μm) was obtained from his-
tological measurement.

Statistical analysis
The results were expressed as mean ± SEM unless indi-
cated otherwise. The total phasic, total tonic, active pha-
sic and active tonic stresses were compared between the 
GK and the Normal groups by analysis of  variance and 
t test analyses. The normalized active phasic and tonic 
stresses as function of  strain were also compared be-
tween the GK and the Normal groups. The results were 
regarded as significant when P < 0.05.

RESULTS
General data
The body weight and blood glucose level were signifi-
cantly higher in the GK group than those in the Normal 
group during the whole experimental period (P < 0.01, 
Table 1). The histological data are presented in Figure 
3. Top figure represents examples of  muscle layer thick-
ness in the normal (Figure 3A) and GK (Figure 3B) rats. 
Compared with the normal rats, the muscle layer thick-
ness was bigger in the GK rats. Bottom figure showed 
different layer thickness of  jejunum between Normal 
and GK groups (Figure 3C). The villous height and 
circumferential muscle layer thickness of  jejunal seg-
ments were higher in the GK group compared with the 
Normal group (villous height, 571.3 ± 34.8 μm vs 475.1 
± 44.1 μm, P < 0.01; circumferential muscle, 68.9 ± 11.9 
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um vs 57.1 ± 6.4 um, P < 0.05). No significant difference 
was found for other layers (P > 0.05).

Pressure-diameter curves
Figure 4 illustrates ramp distension tracings of  the pres-
sure and diameter of  jejunal segment in a normal rat 
with and without CA application. Waves of  peristaltic 
contraction were clearly observed both from pressure 
and diameter curves (Figure 4A and B). The pressure 
increased whereas the diameter decreased during each 
contraction wave. Contractions were stronger after CA 
application (Figure 4B). Peristaltic contractions were not 
observed during distensions in calcium-free Krebs solu-
tion containing EGTA and papaverine (Figure 4C).

Figure 5 shows jejunal ramp distension pressure-di-
ameter curves during CA application in normal (A) and 
GK diabetic (B) rats. The peak contraction amplitude is 

higher in the GK diabetic rat than in the normal rat.

Contraction thresholds
The pressures (A), stresses (B) and strains (C) at the con-
traction threshold from the GK and Normal groups are 
shown in Figure 6. During CA application in the GK group, 
the pressure and stress thresholds were lower compared to 
the distensions before CA application (pressure threshold, 
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A B

C
b

Group Rat age (wk)

18 20 22 24 26 28 30 32

  Body weight (g) GK  390.6 ± 20.2b  408.1 ± 19.4b   421.1 ± 22.1b  431.7 ± 23.2b  427.5 ± 24.3b  436.1 ± 22.5b 438.4 ± 21.6  443.5 ± 20.5b 
Normal 350.3 ± 16.4 363.3 ± 17.3 371.3 ± 12.5 378.2 ± 15.1 386.8 ± 14.6 391.2 ± 14.3 397.3 ± 13.7 400.6 ± 17.2 

  Glucose level   
  (mmol/L)

GK    8.89 ± 1.07a    8.75 ± 0.32a    9.15 ± 1.12a    8.97 ± 0.42a    8.86 ± 0.36a    7.71 ± 0.44a    7.92 ± 0.37a    8.31 ± 0.38a

Normal   5.91 ± 0.43   6.06 ± 0.29   5.99 ± 0.57   5.93 ± 0.39   6.17 ± 0.54   5.57 ± 0.55   5.55 ± 0.36   5.75 ± 0.48

Table 1  Body weight and blood glucose level

The body weight and blood glucose level of GK group were significantly higher than those of normal group during the whole experimental period. Com-
pared with normal group, aP < 0.05, bP < 0.01. GK: Goto-Kakizaki.
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1.01 ± 0.07 vs 1.99 ± 0.19 cm H2O, F = 14.870, P = 0.003; 
stress threshold, 0.11 ± 0.01 vs 0.24 ± 0.02 kPa, F = 16.474, 
P = 002). In the Normal group no difference was found 
before and during CA application (P > 0.05). Compared 
with the Normal group, the pressure and stress thresholds 
were lowest in the GK group both for distensions before 
and during CA application. Significant difference was found 
during CA stimulation (GK group compared with Normal 
group, pressure threshold, 1.01 ± 0.07 vs 2.13 ± 0.32 cm 
H2O, F = 7.767, P = 0.015; and stress threshold, 0.11 ± 0.01 
vs 0.25 ± 0.03 kPa, F = 13.624, P = 0.003). The strain at the 
contraction threshold did not differ between the GK and 
Normal groups (P > 0.05), nor did strain at the contraction 
threshold differ before and during CA application in either 
of  the two groups (P > 0.05).

Analysis of tonic and phasic stress-strain curves
Total phasic (A), total tonic (B), active phasic (C) and 
active tonic (D) stresses as function of  strains from GK 
and Normal groups before and during CA application 
are shown in Figure 7. The amplitude of  total phasic, 
total tonic, active phasic and active tonic circumferen-
tial stresses did not differ before CA application. The 
total phasic and tonic stresses but not active phasic and 
tonic stresses increased during CA application in the 
GK group compared with those obtained in the Normal 
group (total phasic stress, 4.56 ± 0.68 kPa vs 3.74 ± 0.47 
kPa, P < 0.05; total tonic stress, 3.42 ± 0.56 kPa vs 2.92 
± 0.34 kPa, P < 0.05). Furthermore, the maximum  ac-
tive phasic and active tonic stresses differed during CA 
application (2.51 ± 0.45 kPa vs 1.42 ± 0.27 kPa, P < 0.01).

The normalized active phasic (A) and tonic stresses 

(B) as function of  strains are shown in Figure 8. When 
normalized to muscle layer thickness, the amplitude of  
active phasic and tonic stresses were significantly lower 
before CA application in the GK group compared with 
the Normal group (normalized active phasic stress, 
0.0164 ± 0.0018 kPa/μm vs 0.0254 ± 0.0013 kPa/μm, P 
< 0.05; normalized active tonic stress, 0.0103 kPa/μm
± 0.0014 vs 0.0187 ± 0.0012 kPa/μm, P < 0.05) whereas 
they did not differ during CA application (normalized 
active phasic stress, 0.0261 ± 0.0047 kPa/μm vs 0.0292 
± 0.0036 kPa/μm, P > 0.05; normalized active tonic stress, 
0.0148 ± 0.0028 kPa vs 0.0186 ± 0.0017 kPa, P > 0.05).

DISCUSSION
The length-tension diagrams known from physiological 
and pharmacological studies of  smooth muscle strips in 
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vitro[25,33] can be reproduced in intact segment of  intestine 
in vitro as shown in the present and previous studies[28,29]. 
The main findings of  the current study were that the 
amplitudes of  total phasic, total tonic, active phasic and 
active tonic circumferential stresses did not differ be-
fore CA application but the total phasic and total tonic 
stresses increased during CA application in GK diabetic 
rats. However, when normalized to muscle layer thick-
ness, the active stress amplitudes decreased before CA 
application but did not differ during CA application in 

the GK diabetic rats. Furthermore, the pressure and 
stress thresholds were significantly lower in the GK 
group compared with the Normal group during CA ap-
plication. 

The mechanical properties of  the small intestine 
can be divided into passive properties arising from con-
nective tissue element, tonic active properties reflecting 
baseline muscle activity, and phasic active property re-
flecting the contractile forces of  distension-induced neu-
romuscular function. The passive and the active stress-
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strain curves depend on the wall structure, the wall 
mechanical properties and the smooth muscle contractile 
properties. Recent studies demonstrated that histologi-
cal and biomechanical remodeling of  the small intestine, 
such as residual strain changes and intestinal wall stiffen-
ing, occurred in diabetic patients[17] and animals[19,20,23,34]. 
Such diabetes-induced remodeling may affect intestinal 
smooth muscle contractility.

Many human[1,35] and animal[19,20,35-37] studies have 
shown that diabetes causes structural changes of  intes-
tinal smooth muscle. Furthermore, several studies have 
demonstrated that function of  intestinal smooth muscle 
also changed due to diabetes[36,38-42]. There are many ways 
to study smooth muscle contractility[43]. However from 
biomechanical point of  view, muscle mechanical proper-
ties are best described in terms of  stress and strain, i.e., 
the force per area and tissue deformation[28,29]. There-
fore, stress-strain data are important for understanding 
the mechanical function of  remodeled smooth muscle 
in the diabetic intestine. Length-tension diagrams have 
been derived from the human gastric antrum and duo-
denum[32,44], although butylscopolamine may not have 
abolished all phasic activity when analyzing the passive 
properties. The present and previous[28,29] in vitro studies 
produced tonic and phasic stress-strain curves refer-
enced to the passive stress-strain curve because papav-
erine completely abolished all smooth muscle activity. 
Computation of  the stress depends on the wall thickness 
which cannot easily be measured in vivo. However it can 
be measured in vitro.

In the present study the thicknesses of  intestinal mu-
cosa layer and muscle layer increased in diabetic rats. The 
increase in the muscle layer thickness is mainly due to 
circumferential muscle layer thickening and like caused 
by the increased circumferential stress. Before CA ap-
plication, stress-strain data analysis of  the contraction 
showed that the amplitude of  total phasic, total tonic, 
active phasic and active tonic circumferential stresses 
as function of  strains did not differ between diabetic 
and normal rats. However when normalized to muscle 
layer thickness, the amplitude of  active phasic and tonic 
stresses significantly decreased. It indicates that the re-
modeled smooth muscle cells may be somehow altered 
due to long-term diabetes. The information regarding 
the direct effects of  diabetes on ultrastructural changes 
of  intestinal smooth muscle cell is very limited. How-
ever, one report indicated that streptozotocin-induced 
diabetes caused ultra-structural changes of  venous and 
arterial smooth muscle cells which may account for the 
specific vascular complications[45]. Such changes may 
also occur in the diabetic intestinal smooth muscle and 
account for decreasing active contraction force per unit. 
This is needed to further study. However, the decreas-
ing active contraction force per unit is likely to be com-
pensated by increasing muscle layer thickness which is 
regulated in stress-dependent way. Furthermore, it is 
worthwhile to notice that the maximum of  active phasic 
and active tonic stresses differ. This probably means that 

they are regulated in different ways.
It is interesting at the present study to notice that 

after CA application, the amplitude of  total phasic and 
total tonic stresses increased in the GK diabetic rats and 
the decreased amplitude of  active stresses normalized to 
muscle layer thickness in the GK diabetic rats was cor-
rected. Furthermore, the pressure and stress thresholds 
were significantly smaller in GK group compared with 
Normal group after CA application. All these together 
indicate that the intestinal muscle in the diabetic GK 
rats preserved their responses to the CA stimulation or 
even have higher sensitivity to CA application. It is well 
known that CA can directly stimulate muscarinic and 
nicotinic cholinergic receptors[30]. Therefore the receptor 
density likely has important impact on the GK diabetic 
intestinal smooth muscle cells. Although no direct evi-
dent was obtained at present study, it was in one previ-
ous study demonstrated that the detrusor supersensitiv-
ity was observed after only 1 wk of  untreated STZ-in-
duced diabetes in the rat. The overactivity was associated 
with an enhanced sensitivity to carbachol, which could 
be partly explained by an increase in receptor density[46]. 
It maybe the same case in the GK diabetic intestine and 
need to identify in the future. But the controversial re-
sults were also reported on diabetic colon[47] and gastric 
antrum[48]. The former study has been shown that the 
contractility of  the proximal colon in response to CA 
was weaker in the diabetic rats[47]. The later study dem-
onstrated that gastric antral smooth muscle cells from 
streptozotocin-induced rats and db/db spontaneously 
diabetic mice impair their contractile response to CA[48]. 
These controversial results may indicate the different 
regions of  gastrointestinal tract in the diabetes have dif-
ferent reaction to the CA stimulation. 

In summary, the force (stress) generated by the 
smooth muscle per unit was decreased in GK diabetic 
rats and it is likely to be compensated by smooth muscle 
proliferation. It is indicating that the intestine remodels 
in a stress-dependent way. Furthermore, the smooth 
muscle in GK diabetic intestine preserves its response to 
the stimulation of  CA same as the smooth muscle in the 
normal small intestine.
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described in terms of stress and strain, i.e., the force per area and tissue de-
formation. Therefore, stress-strain data are important for understanding the 
mechanical function of remodeled smooth muscle in the diabetic intestine.
Innovations and breakthroughs
The present in vitro study produced tonic and phasic stress-strain curves 
referenced to the passive stress-strain curve because papaverine completely 
abolished all smooth muscle activity. Computation of the stress depends on the 
wall thickness which cannot be directly measured in vivo. However it can be 
measured in vitro. Furthermore, the authors use carbachol as stimulator which 
is a parasympathomimetic drug that directly stimulates cholinergic receptors.
Applications
The mechanical properties of the small intestine can be divided into passive 
property, tonic active property and phasic active property. By understanding 
how the phasic and tonic properties of intestinal smooth muscle are changed in 
the diabetes, this study may represent a future strategy for studying the intesti-
nal smooth function in different diseases.
Terminology
Stress is the force per area and strain is the tissue deformation. Stress-strain 
data are important for understanding the mechanical function of smooth muscle. 
Carbachol is a parasympathomimetic drug that directly stimulates muscarinic 
and nicotinic cholinergic receptors. The receptor density has important impact 
on the function of smooth muscle cells.
Peer review
The main goal of this paper was to examine whether the function of jejunal 
smooth muscle was altered during diabetes. To do this, the authors proposed to 
generate phasic and tonic stress-strains curves in normal Wistar and diabetic 
rats before and after parasympathetic stimulation with carbachol. The experi-
mental plan seems to be sound and follows a logical progression.
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