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ARTICLE INFO ABSTRACT

Keywords: Background and aim: Previous study have demonstrated that Tangshen Formula (TSF) could
Diabetes attenuate colonic histomorphological remodeling in the diabetic rat model induced by high fat
ZDF rat

diet plus low dosage streptozotocin (STZ). However, it is not clear whether TSF has same effect on
small intestine and the effect on biomechanical properties of bowel. The aim of this study is to
investigate the effect of TSF on histomorphological and biomechanical remodeling of small in-
testine and colon by using Zucker Diabetic Fatty (ZDF) Rat model.

Materials and methods: ZDF rats (obese fa/fa) with blood glucose higher than 11.7 mmol/L were
divided into ZDF group (diabetic control group) and ZDF + TSF group (TSF treatment group), the
later were intragastrically administered TSF. The ZDF rats (lean fa/+) were served as normal
control (ZL) group. The rats in the ZL and ZDF groups were administered with saline. The
experimental period covered from 8 weeks to 24 weeks. At the end of experiment, the ileal and
colonic segments were studied in vitro. The histomorphometry and biomechanical parameters
were measured.

Results: Compared with ZL group histomorphologically, the wet weight per unit length, wall
thickness, wall area and fractions of total and type I and type III collagen in different layers for
both ileum and colon increased in ZDF group. Those increasing parameters were partially
inhibited in ZDF + TSF group. Compared with ZL group biomechanically, ZDF and ZDF + TSF
groups had smaller opening angle and residual strain in ileum, and bigger opening angle and
residual strain in colon. Whereas the wall became softer in circumferential direction and stiffer in
longitudinal direction for both ileum and colon. However, no difference of biomechanical pa-
rameters was found between ZDF and ZDF + TSF groups.

Conclusion: The histomorphological and biomechanical remodeling of ileum and colon were
happened in ZDF rats ( obese fa/fa). TSF could partly attenuate ileal and colonic histo-
morphological remodeling rather than biomechanical remodeling.
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1. Introduction

Gastrointestinal (GI) disorders is one of the most common diabetic complications [1]. The main symptoms include abdominal
distension, satiety, diarrhea, constipation and fecal incontinence [2]. In order to improve the GI disorder, it is very important to look
for the proper medicines.

Patients with diabetic GI disorders are treated conventionally with domperidone, metoclopramide, mosapride citrate, fiber laxa-
tives, lactulose, polyethylene glycol and Cisapride, etc [3-7]. Although these western medications can reduce patients’ GI symptoms,
however they have certain side effects and are prone to relapse following drug discontinuation [8]. Furthermore, a considerable
number of patients are not satisfied with these symptomatic treatments, therefore seeking alternative medicine is important.

It has been demonstrated that Chinese herbs were effective in the treatment of diabetic gastroparesis on clinical practice [8], and
had effective in attenuating GI motility disorder in diabetic rats [9,10]. More recently, it has been demonstrated that Chang Run Tong
(a formula of Chinese herbs) was better than Forlax to treat constipation, had better follow-up improvement after stopping drugs and
no remarkably side effective was found in elderly diabetic patients [11]. Therefore, Chinese herbs could be very good option for the
proper alternative medicines to treat diabetic GI disorders [12].

It is well known that diabetes mellitus (DM) induces histomorphological and biomechanical remodeling of small intestine and
colon in DM patients [13] and animals [13-15]. Because the close-relationship exists between mechanical behavior and GI function
[16,17], it is believed that the function disorders of small intestine and colon in diabetes could be improved if the drug can improve
DM-induced GI histomorphological and biomechanical remodeling. Previous studies have demonstrated that some Chinese medicines
could improve DM-induced remodeling of small intestine [18-20] and colon [21] in DM rats. Tangshen Formula (TSF) has been used in
diabetic patients to treat diabetic kidney diseases and proved to have efficacy [22]. Although no clinical study about the effect of TSF
on diabetic gastrointestinal disorders, our group has in previous study demonstrated that TSF could partly attenuate colonic structure
remodeling in type 2 diabetic rats [23]. However, it is not clear so far whether TSF has same effect on small intestine and the effect on
biomechanical properties of bowel. The present study aims further exploring such effects of TSF.

It is very important to select an appropriate animal model whose symptoms, signs and pathogenesis is close to a human disease for
studying effects and possible effective mechanism of medicine. The Zucker diabetic fatty (ZDF) rat (obese fa/fa) shows characteristics
such as obesity, insulin resistance and later insulin deficiency, hyperglycemia, hyperlipoidemia, and the mutation in the receptor gene
[24]. All of these characteristics are very close to human type 2 diabetes. Therefore, we selected ZDF rats (obese fa/fa) as type 2
diabetic model in the present study. Using this model, the histomorphological and passive biomechanical properties of ileum and colon
are studied and whether TSF can attenuate diabetes-induced GI histomorphological and biomechanical remodeling are explored. We
hypothesized that the histomorphological and biomechanical remodeling of the ileum and colon can be happen in the ZDF rat (obese
fa/fa) model and TSF can have effect on the remodeling of ileum and colon.

2. Materials and methods
2.1. Reagents

Hank’s Balanced Salt Solution (HBSS; cat. G4203), citrate buffer solution (PH6.0; cat. G1202), rabbit polyclonal antibodies against
collagen I (cat. GB11022-3) and collagen III (cat. GB111629), Peroxidase Affinipure Goat Anti-Rabbit IgG (cat. GB23303), dia-
minobenzidine (DAB) kit (cat. G1211), Mayer’s hematoxylin (cat. G1004), and bovine serum albumin (BSA; cat. G5001) were pur-
chased from Servicebio (Wuhan, China). Ethylene glycol-bis (B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA; cat. 03777) and
rat diet (Purina 5008) was purchased from Sigma-Aldrich (Shanghai, China) and Purina Mills, Inc. (Missouri, USA) respectively.

2.2. Composition and preparation of Tangshen formula

TSF is comprised of seven natural herbs including burning bush (Euonymus alatus (Thunb.) Siebold), Rehmannia glutinosa Libosch,
Astragalus Membranaceus, Citrus aurantium L., cornus fruit (Cornus officinalis Sieb. et Zucc.), Rheum palmatum L., and Panax notoginseng.
The ratios of these raw herbs were 10:5:4:3.4:3:2:1 (W/W) and each gram of the cooked herbs was from 1.77g raw herbs. TSF was
processed by Jiangyin Tianjiang Pharmaceutical Company and has been described previously [25]. Briefly, these raw herbs were
soaked 30 min and boiled 60 min for two times in distilled water. The decoction was filtered and condensed to 1 g/ml, and then spray
dried into fine granules. Authenticating and standardizing of TSF was accomplished through high performance liquid chromatography
analysis on marker compounds. The mainly chemical components of TSF are consisted of loganin, calycosin-7-O-p- D-glucoside,
naringenine-7-rhamnosidoglucoside, naringenin, neohesperidin, and aloe-emodin [25].

2.3. Animal experiment

This study was approved by the Ethics Review Committee for Animal Experimentation of the Institute of Clinical Medicine, China-
Japan Friendship Hospital, Beijing, and was performed in accordance with the Guiding Principles for the Care and Use of Laboratory
Animals (2012- A04).

Twenty male 7-week-old ZDF rats (obese fa/fa) and ten same gender and age ZDF rats (lean fa/+) (ZL) control rats were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). After adaptive feeding standard diet one week, all
rats were fed “Purina 5008~ diet and allowed free access to food and water under a 12-h light-dark cycle until termination of
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experiment. Two rats were housed in one cage. Body weight and fasting blood glucose were first measured before feeding Purina 5008.
Then, they were measured every one week and two weeks respectively. After feeding Purina 5008 diet for four weeks, 16 of ZDF rats
(obese fa/fa) with blood glucose higher than 11.7 mmol/L were queued based on blood glucose values and then divided into ZDF group
(n = 8) and ZDF + TSF group (n = 8) according to serpentine rule. Fasting blood glucose for all ZL control rats were normal and was
divided into ZL group (n = 10). After grouping, rats in ZDF + TSF group were intragastrically administered TSF (2.4 g/kg, the dose used
was six times higher per unit body weight compared to humans used) which dissolved in saline, and intragastrically administered the
same volumetric saline for rats in the ZL and ZDF groups. TSF and saline were given once daily from 12 weeks until termination of
experiment.

2.4. Sample collection

At the end of experiment, rats were anesthetized by using overdose pentobarbital sodium intraperitoneal injection. A median
abdominal incision was made, and blood was draw as much as possible from the abdominal aorta. After euthanized by anesthetized
and exsanguinated, 8-cm segment of ileum (5 cm to the end of ileum) and 7-cm segment of colon (2 cm distal to the ileocecal valve)
were excised. The lumen content was cleared by gently press using finger and gently rinse using pre-chilled saline. The length and wet
weight were measured for each segment. Two-cm segments were obtained from the distal end of the ileum and colon, and then fixed in
10 % phosphate-buffered formalin over 24 h for histological examinations. Remained segments of ileum and colon were put into HBBS
solution containing 0.25 % EGTA for biomechanical experiments.

2.5. Biomechanical test

2.5.1. No-load and zero-stress experiments

Methods for the experiment of no-load and zero-stress state have been described previously [16,17]. Briefly, three rings about
1.5-mm length were cut from both ileum and colon segments and stored in HBBS solution with EGTA for 5min. A photograph was taken
of the cross-section of the rings in the no-load state. Then each ring-shaped segment was cut radially when immersed in the fluid under
the microscope. Each ring opened up into a sector. Photographs were taken about 30 min after the radial cutting to allow viscoelastic
creep to take place.

2.5.2. Distension experiment

Methods for the distension experiment have been described previously [15]. Briefly, the distal end of ileum and colon were ligated
and proximal were connected with a tube and fixed to a container with HBBS solution (containing 0.25 % EGTA). After two times
distension with 10 cmH50 for ileum and 20 cmH»O for colon (preconditioning the segments), the segment was inflated with HBBS
solution under a gradient pressure of 0, 1, 2, 3, 5, 7.5, 10 cmHO for ileum and 0, 2, 4, 6, 10, 15, 20 cmH30O for colon. Each pressure
maintained 1 min and photographs were taken.

2.6. Histologic staining

2.6.1. HE and Masson staining

The ileum and colon segments, which were fixed in 10 % phosphate-buffered formalin for over 24 h, were routinely dehydrated,
embedded in paraffin, cut for 5-um thick sections, stained with hematoxylin and eosin (HE) and Masson, made transparent using
xylene, and sealed with neutral resin. HE-stained slides were used for general histological observation and measurement of layer
thickness, whereas Masson-stained slides were used for total collagen measurement of submucosa and muscle layers. Masson staining
is one classic technique for collagen fiber staining. It is mainly suitable for the differential analysis of collagen (green or blue colors)
and muscle (red color).

2.6.2. Immunohistochemical staining for type I and type III collagen

Paraffin sections were dewaxed and hydrated using xylene, different concentrations of alcohol and distilled water. Antigen retrieval
was accomplished by using 10 mM citrate buffer (pH6.0) which boiled and maintained 18min. For quenching endogenous peroxidase,
the sections were incubated with 3 % H,05 for 25min at room temperature. Nonspecific staining was blocked by incubated sections
with 5 % BSA-PBS buffer at room temperature for 30min. Then the sections were incubated with primary antibody which diluted with
1 % BSA-PBS (1:1000 for against type I collagen antibody and 1:250 for type III collagen) at 4 °C overnight. For negative control, the
sections were incubated with normal rabbit serum which pretreated by excessive type I and type III collagen and was diluted with 1 %
BSA-PBS (1:1000 for type I collagen and 1:250 for type III collagen). After washing completely using 0.05 % tween-20-PBS, sections
were incubated with second antibody marked with HRP for 50min at room temperature. Washing sections completely with 0.05 %
tween-20-PBS, the positive area was visualized by incubated sections with DAB solution and then counter staining with Mayer’s
hematoxylin.

2.7. Data analysis

2.7.1. Histomorphological data analyses
The sections with HE, Masson and Collagen immunohistochemical staining for both ileum and colon were scanned by tissue section
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Fig. 1. Body weight and fasting blood glucose

Fig. 1 A shows body weight increasing quickly from 8 to 15 weeks for ZL group and from 8 to 12 weeks for ZDF and ZDF + TSF groups. The body
weight is significantly lower in ZL group than in ZDF and ZDF + TSF groups from 8 to 15 weeks, where after no difference is found among three
groups. Fig. 1 B shows fasting blood glucose of rats in ZDF and ZDF + TSF groups increasing quickly from 8 to 12 weeks, where after increasing
slowly until the end of experiment. Whereas the fasting blood glucose level in ZL group remains constant during the entire experiment. From 10
weeks until the end of the experiment, the fasting blood glucose level is significantly higher in ZDF and ZDF + TSF groups than in ZL group, whereas
no difference is found between ZDF and ZDF + TSF groups. Arrow (—) indicates the starting time of intragastric with saline (for ZL and ZDF groups)
or TSF (for ZDF + TSF group).

Comparing with ZDF and ZDF + TSF groups (Tukey Test): *P < 0.05, **P < 0.01, ***P < 0.001.

digital scanner (Pannoramic MIDI, 3DHISTECH, Budapest, Hungary). The thickness of mucosa (villus and crypt for ileum), submucosa,
circumferential and longitudinal muscle were directly measured at the images of HE staining slides by using VENTANA Image Viewer
(version 3.2.0, Ventana Medical Systems, Inc.). Furthermore, the thickness of the ileal mucosa (sum of villus height and crypt depth)
and the intact wall (sum of all layers) were obtained. Six locations around intestinal sectional ring were randomly selected for
measurement.

For analysis of collagen fractions, six locations (almost covering whole circumference of the segment) of each slide through entire
wall from ileum and colon at a magnification of 20x were randomly selected and saved as BMP image files by using the VENTANA
Image Viewer. Then the different layers were isolated by using Paint software and saved as separated BMP files respectively. For
Masson staining, the submucosa and muscle layers for both ileum and colon were selected. For type I and type III collagen staining, the
crypt, submucosa and muscle layers for ileum and the mucosa, submucosa and muscle layers for colon were selected. In order to
measure the percentage of collagen in different layers, the blue area of collagen in Masson staining and the brown area from collagen
immunohistochemistry staining were defined using SigmaScan Pro 4.0 image analysis software (Jandel Scientific, Germany). Finally,
the intensity threshold is used to distinguish the color of collagen in the different layers. The area of the collagen and the total area of
the different layers were marked with pseudo-color (red), and the area percentage of collagen was calculated by using Matlab program
(MATLAB 7.1, The Mathworks Inc. United States).

2.7.2. Morphometric data analysis and residual strain computation

The following data were measured from each specimen for the morphometric analysis: the inner and outer circumference (C), the
wall thickness (H), the wall area (A), and the opening angle at zero-stress state [15]. The opening angle was defined as the angle
subtended by two radii drawn from the midpoint of the inner wall to the inner tips of two ends of the specimen.

The residual strain was calculated from the morphometric data at no-load and zero stress state as equations [1,2]:

Residual Green strain at the mucosal surface: E;=((C_,/Ci..)*(Ci.n/Ci;)-1)/2 (@D)
Residual Green strain at the serosal surface: E,=((Cyn/Cp-)*(Cp-n/Cp-z)-1)I2 (2)

Where C is the circumference and the subscripts i, 0, n and z refer to the inner (mucosal) surface, outer (serosal) surface, no-load state
and zero-stress state respectively.

2.7.3. Stress and strain analysis
The stress and strain of the segments in the pressurized state were determined under assumptions that the wall is homogenous and
the intestinal shape is cylindrical. The parameters at the pressurized state were calculated from the measured length (L,) and outer
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Fig. 2. Wet weight, wall thickness, and cross-sectional wall area of ileum and colon

Wet weight per unit length (A) is higher in the ZDF and ZDF + TSF groups than in ZL group, however, for the ileum the extent of increase is lower in
the ZDF + TSF group than in the ZDF group. The no-load state wall thickness (B), zero-stress state wall thickness (C) and cross-sectional wall area
(D) are bigger in the ZDF and ZDF + TSF groups than in the ZL group, however the extent of increase is lower in the ZDF + TSF group than in the
ZDF group.

Comparing with ZL group (Tukey Test): *P < 0.05, **P < 0.01, ***P < 0.001

Comparing with ZDF group (Tukey Test): “P < 0.05, **P < 0.01, **#P < 0.001.

diameter (D,.p) of the small intestine and wall area at no-load state (A,) as follows [26]: the longitudinal stretch ratio 4, = Lp/L,; the
luminal radius ri, = square root ((rop*To.p)- An/n); the outer radius ro, = Do.p/2; the wall thickness hp = 7o~ rip; the mucosal
circumference Cj., = 2*n* rip; the serosal circumference C,., = 2*n* ry.p; the mid-wall circumference Cp,=(Cip + Co.p)/2; and the
middle-wall circumferential stretch ratio A9 = Ci.p/Cin. (Where Cy.,=(Ci.z + Co,)/2 is the middle-wall circumference at zero-stress
state). The subscripts of i, o, m and p refer to the inner (mucosal) surface, outer (serosal) surface, middle-wall surface, and pressur-
ized state. Then the Kirchhoff ’s stress and Green’s strain at a given pressure were computed according to the equations of [3-6]:

Circumferential Kirchhoff stress: Sg = AP*r;,, / (hy*hg*hg) 3)
Longitudinal Kirchhoff’s stress: S, = AP*(ri.,) *(rip) / (hy*h*A*(roup + Tip)) “4)
Circumferential mid-wall Green strain: Eg =(Ag*Ag —1)/2 %)
Longitudinal Green strain: E, =(Ay*Ay —1)/2 (6)

where AP is the transmural pressure difference. The longitudinal mid-wall stretch ratio was referenced to the no-load state because
tissue strips could not be cut for obtaining the zero-stress state in longitudinal direction. However, the longitudinal mid-wall length
does not differ between the no-load and zero-stress states [26,27].

2.8. Statistical analysis

Data are expressed as mean + SE unless otherwise indicated. The following parameters among different groups were compared: 1)
fasting blood glucose level, body weight and wet weight per unit length of the ileal and colonic segments; 2) morphometry and
histological data; 3) opening angles and residual strain; 4) stretch ratio as function of pressures; 5) stress-strain curves; and 6) constants
a and b obtained from stress-strain curve fitting by using the exponential function equation S=(S¥+b)*e**EF# g# and E* are the
stress and strain at a physiological reference level. One-way ANOVA was used to analyze difference for each parameter among three
groups. Two-way-ANOVA were used to analyze body weight and glucose with two factors of groups and times, and stretch ratios with
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Fig. 3. Histological layered wall thickness of ileum and colon

For both ileum (Fig. 3 A, C, E) and colon (Fig. 3 B, D, F), the thickness of different layers was increased in the ZDF group than that in the ZL group
and the increasing was partly inhibited by TSF in the ZDF + TSF group. For ZDF group, compared with ZL group, the significant different was found
in all layers for ileum (Fig. 3C, E) and in mucosa and total wall thickness for colon (Fig. 3 F). For ZL group, compared with ZDF group, the significant
different was found in all layers for ileum (Fig. 3C, E) and in mucosa, muscle and total wall thickness in colon (Fig. 3 F). Interestingly, the lon-
gitudinal muscle layer thickness is smaller in ZDF + TSF group than in ZL group (Fig. 3 D).

Comparing with ZL group (Tukey Test): *P < 0.05, **P < 0.01, ***P < 0.001

Comparing with ZDF group (Tukey Test): “P < 0.05, *#P < 0.01, **#P < 0.001.

two factors of groups and pressures. Multiple tests (Tukey Test) from two-way and one-way analyses were used to analyze each
parameter between two different groups among three groups. All statistical analyses were performed by using software of SigmaPlot
version 11.0 (Systat Software Inc.). When P < 0.05, the results were considered to be significantly different.

3. Results
3.1. Body weight and fasting blood glucose

Body weight in ZL group increased quickly from 8 to 15 weeks age, where after growing became slower until the end of experiment.
Whereas in ZDF and ZDF + TSF groups, the body weight increased quickly from 8 to 12 weeks, then kept relative stable from 13 to 18
weeks, where after increased slowly until the end of experiment (Fig. 1 A). The body weight was significantly lower in ZL group than in
ZDF and ZDF + TSF groups from 8 to 15 weeks (Fig. 1 A, two-way ANOVA: F=112.5, P<0.001), where after no different was found
among three groups (Fig. 1 A, P>0.05). See detail multiple analysis (Tukey Test) results in Supplementary-Table 1 about the differ-
ences between two groups among three groups.

Fasting blood glucose in ZDF and ZDF + TSF groups increased quickly from 8 to 12 weeks of age, where after increased slowly until
the end of experiment. No difference was found between ZDF and ZDF + TSF groups (Fig. 1 B, P>0.05). Whereas the fasting blood
glucose level in ZL group remained constant during the entire experiment. From 10 weeks until the end of the experiment, the fasting
blood glucose level was significantly higher in ZDF and ZDF + TSF groups than in ZL group (Fig. 1 B, two-way ANOVA: F=358.3,
P<0.001). See detail multiple analysis (Tukey Test) results in Supplementary-Table 2 about the differences between two groups
among three groups.
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Fig. 4. collagen fractions of Masson staining in ileal and colonic wall

For both ileum (Fig. 4 A) and colon (Fig. 4 B), the representative samples show that the blue color intensity of submucosa and muscle layers is
weaker in the ZL and ZDF + TSF groups than that in the ZDF group and statistic values (Fig. 4C, D) show the same results.

Comparing with ZL group (Tukey Test): *P < 0.05, ***P < 0.001

Comparing with ZDF group (Tukey Test): “P < 0.05, *#*#P < 0.001.

3.2. TSF effects on wet weight, wall thickness and wall area of ileum and colon in ZDF rat model

Compared with the ZL group, ileal (One-way ANOVA, F = 3.958, P=0.037) and colonic (One-way ANOVA, F=4.99, P=0.021) wet
weight per unit length increased in the ZDF and ZDF + TSF groups (Fig. 2 A). However, for the ileum the extent of increase was lower in
the ZDF + TSF group than in the ZDF group. Significant difference of multiple analysis was found between the ZDF and ZL groups for
both ileum (g=3.965, P=0.029) and colon (¢=3.597, P=0.050), and between ZDF + TSF and ZL group for colonic segment (¢g=4.011,
P=0.03). See detail multiple analysis (Tukey Test) results in Supplementary-Table 3 about the differences between two groups among
three groups.

Compared with the ZL group for the morphometry data, the ZDF group had bigger values for no-load state wall thickness (Fig. 2 B,
ileum, q=7.987, P<0.001; colon, g=16.342, P<0.001), zero-stress state wall thickness (Fig. 2C, ileum, g=7.976, P<0.001; colon,
q=6.499, P<0.001) and cross-sectional wall area (Fig. 2 D, ileum, g=5.644, P=0.002; colon, q=5.141, P=0.005). Although the values
of most morphometry data were bigger in ZDF + TSF group than in the ZL group, the extent of increase was lower in the ZDF + TSF
group than in the ZDF group. Compared with ZDF group, the significant differences were found for the colon in no-load state wall
thickness (Fig. 2 B, g=11.670, P<0.001), zero-stress state wall thickness (Fig. 2C, g=5.466, P=0.003) and cross-sectional wall area
(Fig. 2D, g = 3.964, P = 0.049), and however for the ileum only in the zero-stress state wall thickness (Fig. 2C, ¢ = 3.820, P = 0.049).

See detail one-way ANOVA and multiple analysis (Tukey Test) results in Supplementary-Table 3 about the differences between two
groups among three groups.

3.3. TSF attenuates layered thickness of ileum and colon in ZDF rat model

The histological measurement data were shown in Fig. 3. Representative images of HE-stained histological slides showed that the
thickness of different layers were smaller in ZL and ZDF + TSF groups than in ZDF group for both ileum (Fig. 3 A) and colon (Fig. 3 B).
The average data was showed in Fig. 3 C-F. The most parameters were bigger in ZDF group than in ZL group for both ileum (Fig. 3C,E)
and colon (Fig. 3 D,F). For the ileum, the significant differences were found in total wall and all layered thickness (q is from 3.783 to
9.198; P is from 0.038 to <0.001). For the colon, the significant differences were found in mucosa (g=7.677, P<0.001), submucosa
(q=5.547, P=0.012) and total wall thickness (q=6.250, P <0.001). Compared with ZDF group, both for ileum (Fig. 3C, E) and colon
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Fig. 5. collagen fractions of Type-I collagen immunohistochemistry staining in ileal and colonic wall

For both ileum (A) and colon (B), the representative samples show that the brown color intensity of different layers is weaker in the ZL and ZDF +
TSF groups than that in the ZDF group and statistic values (Fig. 5C, D) show the same results. Although higher values for most parameters are found
in ZDF + TSF group than that in ZL group, however the less degree is found in ZDF + TSF group than that in ZDF group.

Comparing with ZL group (Tukey Test): *P < 0.05, **P < 0.01, ***P < 0.001

Comparing with ZDF group (Tukey Test): *P < 0.05.

(Fig. 3 D, F), the most parameters were smaller in ZDF + TSF group. For the ileum, the significant differences were found for total wall
and all layered thickness (q is from 3.783 to 6.438; P is from 0.038 to < 0.001). For the colon, the differences were found for longitudinal
muscle (qg=5.795, P=0.002), mucosa (q=4.197, P=0.021), muscle (¢g=3.885, P=0.033) and total wall thickness (g=5.047, P=0.006).

See detail one-way ANOVA and multiple analysis (Tukey Test) results in Supplementary-Table 3 about the differences between two
groups among three groups.

3.4. TSF attenuates collagen content of ileum and colon in ZDF rat model

Fig. 4 shows the data of collagen analysis of Masson staining. Representative images of Masson-stained histological slides showed
that the blue color intensity of collagen in submucosa and muscle layers were weaker in ZL and ZDF + TSF groups than in ZDF group for
both ileum (Fig. 4 A) and colon (Fig. 4 B). Compared with ZL group, the average values of collagen fractions were significantly higher
in ZDF group for both the ileum (Fig. 4C, submucosa, ¢=9.873, P<0.001; muscle, g=6.593, P<0.001) and the colon (Fig. 4 D,
submucosa, =4.597, P=0.011; muscle, g=10.858, P<0.001). TSF could attenuate collagen fraction increasing in the ileum (Fig. 4C,
submucosa, g=6.762, P<0.001 and muscle, g=4.388, P=0.016) and colon (Fig. 4 D, submucosa, q = 3.824, P = 0.049 and muscle,
q=8.428, P<0.001) of ZDF rats (obese fa/fa).

Fig. 5 shows the data of collagen analysis of type I collagen. Representative images of type I collagen immunohistochemistry-
stained histological slides showed that the brown color intensity of collagen in different layers were weaker in ZL and ZDF + TSF
groups than in ZDF group for both ileum (Fig. 5 A) and colon (Fig. 5 B). Compared with ZL group, the values of collagen fractions were
significantly higher in ZDF group for both the ileum (Fig. 5C, submucosa, g=6.228, P=0.001; muscle, g=4.464, P=0.015) and the colon
(Fig. 5 D, mucosa, ¢=3.897, P=0.033; submucosa, g=>5.540, P=0.003; muscle, ¢=3.962, P=0.030). Compared with ZDF group, the
significant smaller values were found in ileal muscle (Fig. 5C, g=4.193, P=0.049), and in colonic submucosa (Fig. 5 D, g=4.476,
P=0.020) in the ZDF + TSF group.

Fig. 6 shows the data of collagen analysis of type III collagen. Representative images of type III collagen immunohistochemistry-
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Fig. 6. collagen fractions of Type-III collagen immunohistochemistry staining in ileal and colonic wall

For both ileum (A) and colon (B), similarly as Type-I collagen the representative samples show that the brown color intensity of different layers is
weaker in the ZL and ZDF + TSF groups than that in the ZDF group and statistic values (Fig. 6C, D) show the same results. Although higher values for
most parameters are found in ZDF + TSF group than that in ZL group, however the less degree is found in ZDF + TSF group than that in ZDF group.
Comparing with ZL group (Tukey Test): *P < 0.05, **P < 0.01, ***P < 0.001

Comparing with ZDF group (Tukey Test): P < 0.05, *#*P < 0.01.

stained histological slides showed that the brown color intensity of collagen in different layers were weaker in ZL and ZDF + TSF
groups than in ZDF group for both ileum (Fig. 6 A) and colon (Fig. 6 B). Compared with ZL group, the values of collagen fractions were
significantly higher in ZDF group for both the ileum (Fig. 6C, crypt, g=4.330, P=0.020; submucosa, g=6.519, P=0.001; muscle,
q=12.386, P<0.001) and the colon (Fig. 6 D, mucosa, g=5.763, P=0.003; submucosa, g=7.436, P<0.001; muscle, g=6.948,
P<0.001). Compared with ZDF group, the significant smaller values were found for ileal submucosa (Fig. 6C, g=4.218, P=0.024) and
muscle (Fig. 6C, g=6.497, P=0.001), and in colonic submucosa (Fig. 6 D, g=4.266, P=0.022) and muscle (Fig. 6 D, ¢=3.976, P=0.033)
in the ZDF + TSF group.

See detail one-way ANOVA and multiple analysis (Tukey Test) results in Supplementary-Table 3 about the differences between two
groups among three groups.

3.5. TSF likely has no effect on biomechanical remodeling of ileum and colon in ZDF rat model

The opening angle and residual strains data were shown in Fig. 7. Generally, the absolute values of opening angle (Fig. 7 A) and
residual strains (Fig. 7 B, C) were smaller in ileum and bigger in colon in ZDF group than in ZL group. However, the significant dif-
ference was only found for inner residual strain in colon (Fig. 7 B, ¢=3.908, P=0.032) and outer residual strain in ileum (Fig. 7C,
q=3.716, P=0.042). The changes of opening angle and residual strain were slighter in ZDF + TSF group than in ZDF group, however no
significant difference was found (P>0.05). See detail one-way ANOVA and multiple analysis (Tukey Test) results in Supplementary-
Table 3 about the differences between two groups among three groups.

Circumferential (A, B) and longitudinal (C, D) stretch ratio of ileum (A, C) and colon (B, D) were shown in Fig. 8. Two-way ANOVA
analysis indicated the significant differences among three groups for both circumferential stretch ratio (ileum, Fig. 8 A, F = 55.099, P
< 0.001; colon, Fig. 8 B, F = 37.175, P < 0.001) and longitudinal stretch ratio (ileum, Fig. 8C, two-way ANOVA, F = 7.346, P < 0.001;
colon, Fig. 8 D, two-way ANOVA, F = 3.003, P < 0.05). Multiple comparison (Tukey test) indicated that the circumferential stretch
ratio was significantly bigger in ZDF (ileum: q from 4.110 to 5.019, P from 0.010 to <0.001; colon: q from 3.757 to 4.669, P from 0.024
to 0.004) and ZDF + TSF groups (ileum: q from 4.276 to 5.463, P from 0.007 to <0.001; colon: g from 2.534 to 3.637, P from 0.177 to
0.031) than in ZL group, however, no difference was found between ZDF and ZDF + TSF groups (P > 0.05). For the longitudinal stretch
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Fig. 7. Opening angle and residual strain

Although the absolute values of opening angle (A) and residual strains (inner, B; outer, C) tend to be smaller in ileum and bigger in colon in ZDF
group than in ZL group. However, the significant difference is only found for inner residual strain in colon (B) and outer residual strain in ileum (C).
No significant difference is found between ZDF + TSF and ZDF groups.

Comparing with ZL group (Tukey Test): *P < 0.05.

ratio, only at 10 cmH»O pressure point for ileum (Fig. 8C), ZDF group was significantly smaller than ZL group (¢=3.832, P=0.018). In
addition, no difference was found between ZDF and ZDF + TSF groups (P > 0.05). See detail multiple analysis (Tukey Test) results in
Supplementary-Table 4 about the differences among three groups.

Circumferential and longitudinal stress-strain curves of ileum (A, C) and colon (B, D) were shown in Fig. 9. Compared with ZL
group, the circumferential stress-strain curves (Fig. 9 A, B) shifted to the right indicating softer. However, one-way ANOVA analysis of
constant a and b showed no significant difference among different groups for both ileum (Fig. 10 A, F < 1.4, P > 0.2) and colon (Fig. 10
B, constant a, F < 2.5, P > 0.1). Whereas, the longitudinal stress-strain curves (Fig. 9C, D) shifted to the left indicating stiffening.
However, one-way ANOVA analysis also showed no significant difference among different groups for both ileum (Fig. 10C, F < 0.7, P
> 0.4) and colon (Fig. 10 D, F < 1.9, P > 0.2).

4. Discussions

Our previous study has demonstrated that Tangshen Formula could partly attenuate colonic structure remodeling in type 2 diabetic
rat model [23]. However, that study did not analyze the biomechanical properties and did not include small intestinal segments. In the
present study, we confirmed colonic histomorphological remodeling in ZDF rats (obese fa/fa) and the TSF could partly attenuate the
remodeling. At same time, we also found that the ileal histomorphologically remodeled in ZDF rats (obese fa/fa) and TSF could partly
attenuate the remodeling as well. Furthermore, it was demonstrated that both ileal and colonic segments somehow remodeled
biomechanically, TSF had no significantly effect on biomechanical remodeling in ZDF rats (obese fa/fa). Therefore, TSF could
attenuate ileal and colonic histomorphological remodeling rather than biomechanical remodeling in ZDF rats (obese fa/fa).
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Fig. 8. Stretch ratio as function of the pressures

The circumferential stretch ratios are bigger in ZDF and ZDF + TSF groups than that in ZL group for both ileum (A) and colon (B). However, no
difference is found between ZDF and ZDF + TSF groups. Whereas the longitudinal stretch ratios are smaller in ZDF and ZDF + TSF groups than that
in ZL group for both ileum (C) and colon (D). Similarly, no difference is found between ZDF and ZDF + TSF groups.

Comparing with ZDF group (Tukey Test): *P < 0.05, **P < 0.01

Comparing with ZDF + TSF group (Tukey Test): P < 0.05, **P < 0.01, *#*#P < 0.001.

4.1. Histomorphological and biomechanical remodeling of small intestine and colon in ZDF rat model

ZDF rats (obese fa/fa) as spontaneous diabetic animal model exhibit the symptoms and signs observed in human Type 2 DM pa-
tients both in pre-diabetes and in late stage [28]. ZDF rats (obese fa/fa) start to develop Type 2 DM as early as 10 weeks of age, reaching
100 % incidence at around 20 weeks of age [29]. Therefore, ZDF rat (obese fa/fa) model is widely used in the research for type 2 DM
and related complications all over the world [30-32]. Hence, we adopted ZDF male rats (obese fa/fa) as type 2 DM model in our study.
At present study, the body weight and fasting blood glucose levels in ZDF male rats (obese fa/fa) were significantly higher than that in
ZDF rats (lean fa/+) (Fig. 1). The highest fasting blood glucose level was up to about 26 mmol/L during the period of the experiment.

Nowadays it is well known that the patients with both type 1 and type 2 diabetes often have gastrointestinal problems, named
diabetic gastrointestinal complication [33-35]. It has been demonstrated that the histomorphological and biomechanical remodeling
of gastrointestinal tract including small intestine and colon occurred during the development of diabetes in several diabetic animals
[2]. In STZ-induced diabetic rat models, both small intestine [15,18-20,36] and colon [14,20,21,36] expressed as increasing in wet
weight per unit length, total wall and layered wall thickness, and wall area. Collagen increasing in colonic mucosa has been reported
[371. Biomechanically, both small intestine and colon expressed as changing in opening angle and residual strain and increasing in wall
stiffness for both circumferential and longitudinal directions in STZ-induced diabetic rats [14,15,18-21]. In GK diabetic rat (another
spontaneous type 2 diabetes model), intestinal histological [38-40] and biomechanical [39,40] remodeling has been reported, and
similar data were obtained as STZ-induced diabetic rat model. Recently, our group has demonstrated the histological remodeling of
colon such as wet weight and layer thicknesses increasing in high fat feeding plus low dose STZ-induced type 2 diabetic rat model [23].
However, to the best of our knowledge, no study in relation to histological and biomechanical remodeling of GI tract has been reported
in world-widely used ZDF type 2 diabetic model so far. At present study, we for the first time demonstrated the small intestinal and
colonic remodeling in ZDF rats (obese fa/fa). The similar histomorphological remodeling was happened in ileum and colon in ZDF rats
(obese fa/fa) comparable with STZ induced diabetic rats, i.e., wet weight, wall thickness, wall area, layered wall thickness and collagen
contents in the wall increased. Surprisingly, the biomechanical remodeling is somehow different compared with the data discovered
previously in STZ-induced diabetic rats. ZDF rats (obese fa/fa) had smaller opening angle and residual strain in ileum, and bigger
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Fig. 9. Stress-strain relationships

Comparing with ZL group, the circumferential stress-strain curves in ZDF and ZDF + TSF groups for both ileum (A) and colon (B) shift to the right
indicating softening. Whereas, the longitudinal stress-strain curves in ZDF and ZDF + TSF groups for both ileum (C) and colon (D) shift to the left
indicating stiffening.

opening angle and residual strain in colon. Similar with STZ-induced diabetic rats, the wall became stiffer in longitudinal direction for
both ileum and colon; opposite with STZ-induced diabetic rats, however, the wall became softer in circumferential direction for both
ileum and colon. It is well known that ZDF rat (obese fa/fa) model has deficiencies in its leptin receptors and therefore researchers
often use it for obesity and type 2 diabetes studies [28-32]. ZDF rat (obese fa/fa) model is different in some aspects with other diabetic
models [41]. For example, the body weight curve in the ZDF rats (Fig. 1 in the present paper) differs significantly from that in the STZ
rats (Fig. 1 in reference 23). The different performances in the body weight change between the two diabetic rat models might imply
the existence of varied mechanisms during the model generation. However, we don’t know the cause-relationship exactly about the
differences in the present study. We need to further explore the mechanisms such as the detail tissue structure, orientation of collagen
and muscle fibers, molecular pathways as well as the effect of obesity on GI biomechanical properties in future studies.

4.2. Effect of TSF on diabetes-induced intestinal and colonic remodeling

Traditional Chinese Medicine (TCM) including herb medicine have been widely used to treat diabetes and proved to have efficacy
in improving diabetic symptoms and complications [42]. It has been demonstrated that several Chinese herb medicines could improve
diabetes-induced small intestinal and colon remodeling in diabetic animal models [11,19,20,23]. TSF is a traditional Chinese herbal
compound and showed effective for diabetic kidney diseases in both diabetic patients [22] and diabetic animals [43]. Recently our
group demonstrated that TSF could partly improve colonic structure remodeling in high fat diet feeding plus low dose STZ-induced
type 2 diabetic rat model [23]. At present study in ZDF rat (obese fa/fa) model, we confirmed the improvement of TSF not only on
colonic histomorphological remodeling but also on ileal histomorphological remodeling (Figs. 2-4) including decreasing wet weight,
wall thickness, wall area, layered wall thickness and collagen fractions in different layers. However, against our hypothesis TSF did not
show the improvement on passive biomechanical remodeling for both ileum and colon in the ZDF rat (obese fa/fa) models (Figs. 5-7).
In future studies, we need to confirm this data and further investigate whether TSF have effect on active mechanical properties such as
muscle contractions in ZDF rat (obese fa/fa) model.

Same as our previous study [23], TSF did not have effect on the blood glucose level in ZDF rats (obese fa/fa) (Fig. 1). Therefore, it
seems that the effect of TSF on small intestinal and colonic remodeling in ZDF rats (obese fa/fa) not through improving hyperglycemia.
Although we did not investigate the mechanisms about the effect of TSF on small intestinal and colonic remodeling at present study,
several studies of mechanisms about TSF effect on diabetic kidney diseases [43-48] and diabetic-colonic histologic remodeling [23]
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Fig. 10. Constant a and b obtained from stress-strain curves fitting
One-way ANOVA and multiple comparison (Tukey Test) in showed that both circumferential (A, B) and longitudinal (C, D) constant a and b show no
significant difference among different groups for both ileum (A, C) and colon (B, D).

have been reported. Zhao et al. reported that TSF could attenuate diabetic renal injuries by upregulating autophagy through inhibiting
PLZF expression, which in turn resulted in an increase in autophagic degradation of collagen III [44]. Zhao et al. also showed that TSF
significantly inhibited diabetic renal injury through attenuating renal inflammation by modulating gut microbiota and decreasing
levels of lipopolysaccharide and indoxyl sulfate [46]. Zhang et al. demonstrated that TSF could reduce glomerulosclerotic index and
renal tubular interstitial fibrosis in type 1 and type 2 diabetic rats through inhibiting overexpression of transforming growth factor-f1
(TGF-p1) [48]. Zhao et al. discovered that TSF could inhibit expressions of nuclear factor kappa B (NF-xB) and proinflammatory
cytokines, such as tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), and monocyte chemoattractant protein-1 in the kidney of
diabetic rats [43]. Recently our group has demonstrated in a type 2 diabetic rat model that TSF down regulated expressions of NF-xB,
interferon- y (IFN-y), interleukin-6 (IL-6), TGF-f1, and Smad2/3 in the colon wall [23]. The level of expression of NF-xB was associated
with those of TGF-f1 and Smad2/3, whereas the expression of TGF-f1 was associated with the most colonic histomorphometric pa-
rameters [24]. More recently, our group found that the TSF had protective effects on ICC through repair of the epithelial junctions,
which attenuates inflammation and inflammation-initiated apoptosis in colon of DM rats [49]. Based on the above mentioned, we have
reasons to believe that similar mechanisms may be account for the effect of TSF on small intestinal and colonic remodeling in ZDF rats
(obese fa/fa). However, we need to confirm and explore direct cause-result relationships about the effect of TSF on gastrointestinal
remodeling in ZDF rats (obese fa/fa) in future studies.

4.3. Limitations of the study

At present study, we have several weak points that are needed to address in our future studies. Firstly, the detail structural analyses
of gastrointestinal wall including the orientations of muscle and collagen fibers are needed to be done. Secondly, the active biome-
chanical properties of gastrointestinal wall such as contraction properties and muscle mechanics are needed to be investigated.
Thirdly, the molecular pathways in relation to the effect of TSF on gastrointestinal remodeling in ZDF rats (obese fa/fa) are needed to
study in detail as well. Finally, the dose of TSF used in this study was six times higher per unit body weight than that used in humans.
Although this is a widely accepted equivalent dose between human and rat, it cannot be completely equal due to the large species
differences between human and rat. The results obtained from this study may have some difference with the effect of TSF on the human
gastrointestinal tract with the dose of human used.
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5. In conclusion

The small intestine and colon histomorphologically and biomechanically remodeled during the development of DM in the ZDF rat
(obese fa/fa) models as we demonstrated in other diabetic rat models. However, in contrast with previous findings related to wall
stiffening in both circumferential and longitudinal directions, at present study, the small intestinal and colonic wall became stiffer in
longitudinal direction and softer in circumferential direction in ZDF rats (obese fa/fa). Application of TSF could partly improve small
intestinal and colonic histomorphological remodeling in ZDF rats (obese fa/fa), but had no role on biomechanical remodeling. The
effect of TSF on diabetes-induced small intestinal and colonic remodeling may indicate the potential role of TSF on the treatment of
gastrointestinal disorders in diabetic patients.
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