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Although constipation is a common complication of chronic kidney disease (CKD), there is no animal
model that can be used to study the association between renal impairment and gastrointestinal function
without interfering with the gastrointestinal tract of the model. Therefore, we determined whether ade-
nine could induce CKD in association with gastrointestinal dysfunction. Six-week-old ICR mice were
intraperitoneally injected with saline, 25, 50, or 75 mg adenine/kg body weight for 21 days. Blood urea
nitrogen (BUN), plasma creatinine, and renal histopathology were evaluated. Defecation status was eval-
uated from defecation frequency and fecal water content. Colonic smooth muscle contraction was mea-
sured by the organ bath technique, and transepithelial electrical resistance (TEER) was measured using an
Ussing chamber. In the 50 mg/kg treatment group, BUN and creatinine were significantly increased com-
pared with control, and inflammatory cell infiltration, glomerular necrosis, tubular dilatation, and inter-
stitial fibrosis were observed in renal tissues. Mice in this group also showed a significant decrease in
defecation frequency, fecal water content, colonic motility index, and TEER. Overall, 50 mg/kg of adenine
was the best dose to induce CKD with associated constipation and intestinal barrier impairment.
Therefore, this adenine administration model can be recommended for CKD-associated gastrointestinal
dysfunction research.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chronic kidney disease (CKD) has become one of the world’s
major health issues. It is characterized by kidney damage or a pro-
gressive decline of kidney functions for at least three months
(Meijers et al. 2018; Wilson et al. 2021). In 2017, the global preva-
lence of CKD was 9.1% of the population (695.7 million cases),
which represented an increase of 29.3% compared with 1990. Sim-
ilarly, the incidence of end-stage kidney disease (ESKD) has
increased year on year. In 2022, the prevalence of CKD was still
increasing, affecting > 10% of the global population. Although the
mortality rate has decreased in ESKD patients because of improved
treatment and prevention, it has been predicted that CKD will be
the fifth most common cause of death worldwide (Kovesdy
2022). However, CKD is a preventable and treatable disease, and
with suitable research-based therapeutic strategies, it is possible
to slow the progression of the condition (Bikbov et al. 2020).

In the advanced stage of CKD, many associated health condi-
tions are present, including cardiovascular disease (CVD), anemia,
and gastrointestinal dysfunction (Liu et al. 2018). In ESKD patients,
constipation is one of the most common complications and the
prevalence of this symptom in CKD patients is higher than in the
general population (Ramos et al. 2019; Sumida, Yamagata, and
Kovesdy 2020). Constipation in CKD is complicated by pathophys-
iological mechanisms such as dietary restriction (fiber and fluid
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intake limitation), low physical activity, comorbidity, medication,
intestinal dysbiosis, and uremic toxins. Even though constipation
is not a life-threatening disease, it does affect the quality of life.
Nevertheless, in CKD patients, constipation affects more than that;
it is associated with other health problems such as systemic
inflammation and CVD, and triggering the progression of CKD to
ESKD (Hoibian et al. 2018; Koppe, Mafra, and Fouque 2015;
Sumida, Yamagata, and Kovesdy 2020).

Prolonged gastrointestinal transit causes a high production and
accumulation of uremic toxins and endotoxins. The major endo-
toxin is lipopolysaccharide, which is known to impair intestinal
barrier integrity, resulting in bacterial translocation and increased
production of endotoxins, uremic toxins, and pro-inflammatory
cytokines in the systemic circulation (Cigarran Guldris, González
Parra, and Cases Amenós 2017). These toxins induce local intestinal
inflammation and chronic systemic inflammation, which are
related to the high levels of pro-inflammatory cytokines and acti-
vated component markers associated with CKD (Pan and Kang
2018). Furthermore, uremic toxins such as indoxyl sulfate and p-
cresyl sulfate could induce tubulointerstitial fibrosis, glomerular
sclerosis, and severe renal function impairment, resulting in the
progression of CKD. Therefore, constipation is one of the therapeu-
tic targets in the fight to slow the progression of CKD (Barreto et al.
2009; Rukavina Mikusic, Kouyoumdzian, and Choi 2020).

In CKD research, progressive renal function decline is usually
induced in one of two ways: 5/6 nephrectomy and intake of
adenine-containing food (Diwan, Brown, and Gobe 2018). The sur-
gery is, however, limited by its high mortality rate and inflamma-
tion, which can alter the gut microbiota. On the other hand, an
adenine-containing diet is an invasive model. This diet could
induce CKD when there is an accumulation of adenine and its
metabolite, 2,8-dihydroxyadenine, which forms crystals in the
proximal tubule and causes tubulointerstitial fibrosis and tubular
atrophy (Diwan, Brown, and Gobe 2018; Rahman et al. 2018). A
recent study involving C57BL/6 mice and Wistar rats successfully
induced CKD-associated anemia by 28-day oral gavage with 50
and 200 mg/kg, respectively, of adenine suspended in 0.5% car-
boxymethylcellulose (CMC) (Rahman et al. 2018). Unfortunately,
CMC has been shown to directly alter gut microbiota and induce
chronic intestinal inflammation (Naimi et al. 2021). In addition,
animals in oral administration models are reluctant to eat pow-
dered food, and food intake may reduce not because of disease
but because of the powdered form of the administered adenine.
A previous study reported that intraperitoneal (i.p.) injection of
adenine at 50 and 100 mg/kg for 4 weeks could induce CKD in Wis-
tar rats (Al Za’abi et al. 2015). In a more recent study, i.p. injection
of 300 mg/kg adenine twice a week for 4 weeks induce CKD inWis-
tar rats similarly to oral administration (Said, Atwa, and Khalifa
2019). Increased levels of blood urea nitrogen (BUN), plasma crea-
tinine, and changes in renal morphology and histopathology con-
firmed that i.p. injection of adenine is a valid alternative method
of inducing CKD in an animal model. The method is especially sui-
ted to studies of enteral agents in CKD because adenine directly
enters the systemic circulation and does not directly alter intesti-
nal organs (Ali et al. 2013).

As mentioned above, gastrointestinal dysfunction is one of the
complications of CKD that trigger the progression of the condition.
Several studies have proposed the use of antioxidative agents, lax-
ative agents, or absorbent agents to slow the progression of CKD by
improving gastrointestinal function (Chen et al. 2021; Hung and
Suzuki 2018; Mafra et al. 2019; Mishima et al. 2015). Thus, the
use of an animal model is obviously the important first step in
studying the progression of CKD. However, an animal model for
CKD associated with gastrointestinal dysfunction is unavailable.
Therefore, the purpose of this study was to determine whether
2

the i.p. injection of adenine could induce CKD-associated gastroin-
testinal dysfunction in a mouse model.
2. Methods

2.1. Animals and experimental design

The six-week-old male ICR mice used in this study were pur-
chased from Nomura Siam International Co., Ltd., Thailand. The
animals were housed at the Southern Laboratory Animal Facility,
Prince of Songkla University, Thailand, in controlled environments
with a 12-hour light/dark cycle, at temperatures ranging from 23
to 27℃ and humidity levels ranging from 50 to 55%. They received
standard chow from Perfect Companion Group Co., Ltd., Thailand,
and water ad libitum. After 7 days of acclimatization, the mice were
divided into four groups, which were control, 25, 50, and 75 mg/kg
adenine. Mice were i.p. injected once a day for 21 days with normal
saline, 25, 50, or 75 mg adenine/kg body weight (BW). Alertness,
BW, and food and water intake were recorded every day during
treatment. After 21 days of treatment, the mice were anesthetized
by i.p. injection of 70 mg thiopental sodium/kg BW (K-da et al.
2020). Thoracic and abdominal incisions were made to collect
blood, heart, liver, spleen, kidneys, and intestines. Finally, mice
were euthanatized by cervical distraction. All experimental proce-
dures in this study were guided and approved by the Animal Ethics
Committee of Prince of Songkla University, Thailand (Ethical clear-
ance MHESI 6800.11/911).
2.2. Drugs and reagents

Adenine (Sigma-Aldrich, Inc., Saint Louis, MO, USA) was freshly
prepared by heating at 60℃ in normal saline. Before injection, the
solution was allowed to cool down to room temperature. Thiopen-
tal sodium (Jagsonpal Pharmaceutical Ltd., India) was prepared for
injection in sterile water. Krebs solution contained 119 mM NaCl,
4.5 mM KCl, 2.5 mM MgSO4, 25 mM NaHCO3, 1.2 mM KH2PO4,
11.1 mM glucose, and 2.5 mM CaCl2, all purchased from Merck
Co., Ltd., Darmstadt, Germany (Khuituan et al. 2019).
2.3. Blood biochemistry

The deep anesthesia of mice was ensured before the thoracic
incision was made. Blood was collected by cardiac puncture. Com-
plete blood count (CBC) was measured by BC-2800Vet Auto Hema-
tology Analyzer (Mindray, Shenzhen, China). The whole blood was
centrifuged at 4000 rpm for 10 min. Plasma (250–300 lL) was used
to measure BUN, creatinine, aspartate transaminase (AST), alanine
transaminase (ALT), and alkaline phosphatase (ALP) by BS-20
Chemistry Analyzer (Mindray, Shenzhen, China).
2.4. Intestinal length and the weight of vital organs

After the abdomen was opened, the large intestines were
resected and immediately measured from the cecum to the anus.
The heart, liver, spleen, and kidney were removed and relative
organ weight (%) was calculated by (organ weight/BW) � 100.
2.5. Fecal water content and frequency of defecation

On day 21, before anesthetization, the defecation status of the
mice was observed. The frequency of defecation was measured
by collecting fecal pellets every 10 min for 4 h. Fecal water content
was measured from fecal wet weight and fecal dried weight (the
fecal pellet was dried at 100℃ for 30 min), and calculated by fecal



F. Hayeeawaema, P. Muangnil, J. Jiangsakul et al. Saudi Journal of Biological Sciences 30 (2023) 103660
water content (%) = (wet weight – dried weight/wet weight) � 100
(Hayeeawaema, Wichienchot, and Khuituan 2020).

2.6. Ex vivo colonic smooth muscle contraction

The mice were deeply anesthetized, and an abdominal incision
was made. The colon was removed and immediately placed in a
cold Krebs solution. To evaluate smooth muscle contractility,
1 cm of the distal colon was longitudinally suspended in an organ
bath containing Krebs solution at 37℃ continuously oxygenated
with carbogen. The contraction parameters were amplitude, dura-
tion, and frequency of contraction, which were detected by a force
transducer (Model FT03, Grass, MA, USA) and recorded by the
PowerLab System (AD Instruments, New South Wales, Australia).
The signal was analyzed by LabChat7 software (Khuituan et al.
2019). The motility index was calculated as motility index = Ln
((number of peaks � sum of peak amplitudes) + 1) (Hoibian et al.
2018).

2.7. Ex vivo colonic epithelial permeability

Colonic epithelial permeability was investigated using an Uss-
ing chamber (Physiologic Instrument, San Diego, USA). The distal
colon was longitudinally divided and tissue was pinned on a
0.3 cm2 disk. The disk was inserted into the Ussing chamber, which
contained oxygenated Krebs solution at 37℃. Transepithelial elec-
trical resistance (TEER) was measured when a current of 3 lA was
passed. TEER was calculated according to Ohm’s law (Siringoringo
et al. 2021).

2.8. Histopathological examination

After euthanasia, the kidney was excised and immediately fixed
in 10% formalin for 24 h. The tissue was dehydrated in graded con-
centrations of ethanol and embedded in paraffin. The tissue was
sectioned at 5 lm and stained with hematoxylin and eosin
(H&E), Masson’s trichrome, and picrosirius red following the stan-
dard protocols. Histopathology was examined and photographed
under a light microscope (Olympus DP73). The area of collagen
fiber deposition was quantified using the ImageJ software.

2.9. Statistical analysis

The data were shown as means ± the standard error of the mean
(SEM). Significant differences were analyzed using one-way analy-
sis of variance (ANOVA) followed by the Bonferroni post-hoc test
and Tukey multiple comparison tests in GraphPad Prism 5 (Graph-
Pad Software Inc., San Diego, CA, USA). A p-value < 0.05 was consid-
ered statistically significant.

3. Results

3.1. Effect of adenine injection on survival rate and BW

The general health status of all mice was observed daily by con-
sidering signs such as alertness and grooming. It was found that
mice in the 75 mg/kg adenine group showed signs of weight loss,
ceased grooming, and lacked alertness from day 3 of treatment.
Furthermore, these mice gradually weakened and died, and from
days 5, 7, and 15, their survival rate decreased to <90%, 80%, and
70%, respectively (Fig. 1A). The survival rate of the 25 and 50 mg/
kg adenine groups was not affected. This result indicated that an
adenine dose of 75 mg/kg was intolerable for ICR mice. The study,
therefore, continued by investigating BW change and blood bio-
chemistry of the 25 or 50 mg/kg adenine groups to determine
3

which dose could more effectively induce CKD-associated gastroin-
testinal dysfunction. It was found that the BW of mice in the
50 mg/kg adenine group continually and significantly decreased
from day 3 to day 21 when compared to the control group
(p < 0.001) (Fig. 1B). The BW of mice in the 25 mg/kg treatment
and the control group did not significantly differ. This result indi-
cated that a dose of 50 mg/kg adenine could affect the normal
physiological condition of the mice.

3.2. Effect of adenine injection on BUN and plasma creatinine levels.

Blood was collected to measure BUN and plasma creatinine
levels after 21 days of adenine treatment. BUN in the 50 mg/kg
adenine group (102.30 ± 23.85 mg/dL) was significantly higher
than in the control group (22.12 ± 2.17 mg/dL) (p < 0.01) but there
was no significant difference in BUN between the 25 mg/kg group
(24.94 ± 1.47 mg/dL) and the control group (Fig. 2A). Plasma crea-
tinine levels were also significantly higher in the 50 mg/kg treat-
ment (0.73 ± 0.17 mg/dL) than in the control group (0.22 ± 0.
06 mg/dL) (p < 0.01), whereas there was no significant difference
between the 25 mg/kg adenine group (0.24 ± 0.03 mg/dL) and con-
trol (Fig. 2B). These results suggested that adenine injection could
induce CKD in ICR mice by increasing BUN and plasma creatinine
levels, which are potential indicators of CKD.

3.3. Effect of adenine injection on kidney gross morphology, weight,
and histopathology.

Kidneys in the control group were normal size and reddish-
brown. However, the kidneys in the treatment groups were smaller
and pale, especially in the 50 mg/kg adenine group (Fig. 2C). Rela-
tive kidney weight in the 50 mg/kg adenine group (1.53 ± 0.21%)
was significantly lower than in the control group (1.99 ± 0.13%)
(p < 0.05), whereas relative kidney weight in the 25 mg/kg adenine
group (1.64 ± 0.03%) was lower but not significantly different
(Fig. 2D). Under H&E staining, the kidney of mice injected with
adenine at 50 mg/kg showed obvious glomerular necrosis (green
asterisk), tubular dilatation, and loss of brush border (red asterisk),
but the architecture of the kidney tissue of mice in the 25 mg/kg
adenine group remained normal, showing intact glomerulus and
renal tubules. In addition, the kidney tissue of mice in the
50 mg/kg treatment revealed an inflammatory response character-
ized by extensive infiltration of inflammatory cells (dash line,
Fig. 3). Moreover, both Masson’s trichrome and picrosirius red
staining showed extensive deposition of collagen fiber in both
treatment groups (Fig. 4A and B). The percent area of collagen fiber
deposition in the 50 mg/kg group was significantly higher com-
pared to the control group (p < 0.05 and p < 0.01), which was con-
sistent with the observed fibrosis of renal interstitium (Fig. 4C and
D). Overall, the results showed that renal function and renal tissue
histology had been altered in the 50 mg/kg adenine group. The
results, therefore, indicated that adenine injection could induce
CKD in mice.

3.4. Colonic length in adenine-induced CKD mice

To determine the effect of CKD induction on gastrointestinal
structure, colonic length was measured. The length of the large
intestine was affected in both 25 and 50 mg/kg adenine groups
(Fig. 5A). A significant shortening of the colon was found in the
50 mg/kg treatment (8.70 ± 0.25 cm) compared to the control
group (10.50 ± 0.65 cm) (p < 0.05). In the 25 mg/kg group (9.50 ±
0.50 cm), intestinal length was shorter than in the control group
but not significantly different (Fig. 5B). This result indicated that
adenine induced gastrointestinal structural abnormality.



Fig. 1. Effect of adenine injection on survival rate and body weight (BW). ICR mice were i.p. injected with normal saline (control) or adenine at 25, 50, and 75 mg/kg for
21 days to induce chronic kidney disease (CKD). A: Survival rate (%) of the mice during 21 days of adenine induction. Adenine at 75 mg/kg gradually reduced the survival rate
of the mice to<90%, 80%, and 70% from days 5, 7, and 15, respectively. B: BW (%) of the mice during adenine induction. Adenine at 50 mg/kg significantly decreased the percent
BW from day 3 to day 21 when compared to the control group. Data are shown as means ± SEM (n = 3–5). ***p < 0.001 when compared to the control group (one-way ANOVA
followed by Bonferroni test).

Fig. 2. Effect of adenine injection on BUN and plasma creatinine levels and the relative kidney weight. ICR mice were i.p. injected with normal saline (control) or adenine at 25
and 50 mg/kg for 21 days to induce chronic kidney disease (CKD). A: BUN level after 21 days of adenine injection. Adenine at 50 mg/kg significantly increased BUN compared
to the control group. B: Plasma creatinine level after 21 days of adenine injection. Adenine at 50 mg/kg significantly increased creatinine compared to the control group. C:
The representative images are of the kidney of control, 25, and 50 mg/kg adenine groups. D: Relative kidney weight was significantly lower in the 50 mg/kg adenine group
when compared to the control group. Data are shown as means ± SEM (n = 3–5). *p < 0.05 and **p < 0.01 when compared to the control group (one-way ANOVA followed by
Bonferroni test).
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3.5. Constipation in adenine-induced CKD mice

This study aimed to determine whether systemic adenine
injection could affect gastrointestinal function. The defecation
status of mice was determined after 21 days of treatment and
was based on the frequency of defecation and fecal water con-
tent. Fecal water content was significantly lower in the 25 and
4

50 mg/kg adenine groups (50.40 ± 3.12 and 31.17 ± 6.80%,
respectively) than in the control group (72.68 ± 4.23%),
(p < 0.05 and p < 0.01, respectively) (Fig. 6A). The frequency of
defecation was significantly lower in the 50 mg/kg adenine
group (4.66 ± 0.33 time/h.) than in the control group
(6.33 ± 0.33 time/h.) (p < 0.05) but there was no significant dif-
ference between the 25 mg/kg group (5.33 ± 0.33 time/h.) and



Fig. 3. Effect of adenine injection on kidney histopathology. ICR mice were i.p. injected with normal saline (control) or adenine at 25 and 50 mg/kg for 21 days to induce
chronic kidney disease (CKD). The representative images are of kidney tissue of control, 25, and 50 mg/kg adenine groups stained with hematoxylin and eosin (H&E). Red and
green asterisks indicate glomerular necrosis and tubular dilatation, respectively. Inflammatory cell infiltration is shown by the yellow dashed line.

Fig. 4. Effect of adenine injection on renal collagen fiber deposition. ICR mice were i.p. injected with normal saline (control) or adenine at 25 and 50 mg/kg for 21 days to
induce chronic kidney disease (CKD). A and B: Representative images are of the kidney tissue stained with Masson’s trichrome and Sirius red, respectively. C and D: The
percent area of collagen fiber deposition revealed by Masson’s trichrome and picrosirius red staining, respectively. Data are shown as means ± SEM (n = 3–5). *p < 0.05 and
**p < 0.01 when compared to the control group (one-way ANOVA followed by Turkey’s multiple comparison test).
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Fig. 5. Effect of adenine injection on colonic length. ICR mice were i.p. injected with normal saline (control) or adenine at 25 and 50 mg/kg for 21 days to induce chronic
kidney disease (CKD). A: Representative images of colon length. B: Large intestinal length was significantly decreased in the 50 mg/kg adenine group when compared to the
control group. Data are shown as means ± SEM (n = 3–5). *p < 0.05 when compared to the control group (one-way ANOVA followed by Bonferroni test).

Fig. 6. Effect of adenine injection on constipation and colonic motility. ICR mice were i.p. injected with normal saline (control) or adenine at 25 and 50 mg/kg for 21 days to
induce chronic kidney disease (CKD). A: Fecal water content (%) was significantly decreased in both 25 and 50 mg/kg adenine groups when compared to the control group. B:
Frequency of defecation was significantly reduced in the 50 mg/kg adenine group when compared to the control group. C: The motility index was significantly lower in the
50 mg/kg adenine group. Data are shown as means ± SEM (n = 3–5). *p < 0.05 and **p < 0.01 when compared to the control group (one-way ANOVA followed by Bonferroni
test).
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the control group (Fig. 6B).This result indicated that constipation
could be associated with adenine injection.
3.6. Colonic motility in adenine-induced CKD mice

The frequency and amplitude of colonic contraction were used
to calculate a colonic motility index (as described in the method).
Colonic motility was significantly lower in the 50 mg/kg adenine
group (2.04 ± 0.35 AU) than in the control group (3.70 ± 0.47
AU), (p < 0.05) but there was no significant difference between
the 25 mg/kg group (2.76 ± 0.34 AU) and the control group
(Fig. 6C). This result suggested that adenine administration by i.
p. injection affected gastrointestinal function by reducing colonic
motility which led to the slow propagation of colonic luminal con-
tents; one of the criteria for constipation.
Fig. 7. Effect of adenine injection on colonic barrier integrity. ICR mice were i.p.
injected with normal saline (control) or adenine at 25 and 50 mg/kg for 21 days to
induce chronic kidney disease (CKD). Colonic barrier integrity was significantly
impaired in the 50 mg/kg adenine group when compared to the control group. Data
are shown as means ± SEM (n = 3–5). *p < 0.05 when compared to the control group
(one-way ANOVA followed by Bonferroni test).
3.7. Colonic barrier integrity in adenine-induced CKD mice

In addition to colonic motility, colonic epithelial barrier func-
tion is also thought to be affected by CKD. Colonic epithelial barrier
function is one of the factors that contributes to local and systemic
inflammations, and renal fibrosis in CKD. Therefore, in this exper-
iment, we measured the TEER of colonic tissue to determine
whether adenine injection alters colonic barrier integrity. Colonic
TEER was significantly lower in the 50 mg/kg adenine group
(69 ± 3.51 O.cm2) (p < 0.05) than in the control group (102 ± 10.
15 O.cm2), whereas the TEER of the 25 mg/kg adenine group
(75 ± 5.00 O.cm2) was lower than control but not significantly dif-
6

ferent (Fig. 7). This result indicated that adenine-induced gastroin-
testinal dysfunction affected not only contractility but also colonic
epithelial integrity.

3.8. Liver function in adenine-induced CKD mice

AST, ALT, and ALP are used to identify heart and liver injury.
These enzymes are released into the circulation when tissue is
damaged. It was found that AST, ALT, and ALP levels in plasma



Table 1
Effect of adenine injection on complete blood count (CBC).

CBC / groups Control 25 mg/kg adenine 50 mg/kg adenine

RBC (�106/lL) 9.05 ± 1.1.28 8.14 ± 0.86 8.88 ± 0.0.62
WBC (�103/lL) 1.82 ± 0.25 1.77 ± 0.22 2.85 ± 0.50
HGB (g/dL) 12.15 ± 1.49 13.20 ± 0.30 13.54 ± 0.90
HCT (%) 42.95 ± 3.22 46.47 ± 1.73 46.22 ± 2.83
MCV (fL) 54.00 ± 1.62 52.07 ± 0.60 51.93 ± 2.18
MCH (pg) 15.33 ± 0.15 14.72 ± 0.26 15.20 ± 0.50
MCHC (g/dL) 28.52 ± 0.72 28.32 ± 0.34 29.40 ± 0.37
PLT (�103/lL) 1328 ± 189.1 1509 ± 182.9 1782 ± 344.1
MPV (fL) 5.42 ± 0.15 5.42 ± 0.37 5.40 ± 0.10

ICR mice were i.p. injected with normal saline (control) or adenine at 25 and 50 mg/
kg for 21 days to induce chronic kidney disease (CKD). CBC in adenine-induced CKD
mice revealed no significant difference in any parameter between groups. Data are
shown as means ± SEM (n = 5).

Table 2
Effect of adenine injection on relative vital organ weight.

Control 25 mg/kg adenine 50 mg/kg adenine

Heart (%) 0.46 ± 0.03 0.50 ± 0.01 0.46 ± 0.01
Spleen (%) 0.26 ± 0.01 0.28 ± 0.03 0.29 ± 0.03
Liver (%) 5.45 ± 0.17 5.00 ± 0.33 4.49 ± 0.13

ICR mice were i.p. injected with normal saline (control) or adenine at 25 and 50 mg/
kg for 21 days to induce chronic kidney disease. Relative vital organ weights were
not significantly different between groups. Data are shown as means ± SEM (n = 5).
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were not affected in either treatment group (Fig. 8A, B, and C). This
result indicated that 50 mg/kg of adenine is the lowest dose that
could induce CKD without affecting liver function.

3.9. CBC in adenine-induced CKD mice

A CBC was used to determine whether adenine injection caused
the infection, inflammation, or anemia. The results showed no sig-
nificant differences between groups in counts of red blood cells
(RBC), white blood cells (WBC), hemoglobin (HGB), hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular hemo-
globin (MCH), mean corpuscular hemoglobin concentration
(MCHC), platelets (PLT), and mean platelet volume (MPV) (Table 1).
These parameters are indicators of cytotoxicity or anemia and the
results indicated that injections of 25 and 50 mg of adenine/kg of
BW for 21 days did not cause infection, inflammation, or anemia
in ICR mice.

3.10. Relative vital organ weight in adenine-induced CKD mice

After euthanization, the heart, spleen, and liver, were collected
and weighed to further assess the toxicity of adenine. It was found
that the heart, spleen, and liver in both treatments were not
affected (Table 2).

4. Discussion

Gastrointestinal dysfunction is a common complication of CKD.
It was not thought a serious health problem until it was found that
the cause of constipation in CKD patients was gut microbiota alter-
ation and that may trigger CKD progression (Sumida, Yamagata,
and Kovesdy 2020). To more clearly understand the association
between kidney function impairment and gastrointestinal dys-
function, the approach chosen to induce CKD in the present study
was one that deliberately avoided surgical procedures and oral
administration of adenine. Although partial nephrectomy is known
to induce CKD, it may also cause abdominal cavity inflammation
which might then affect the gastrointestinal tract. In a more novel
approach, adenine was administered orally with a vehicle; CMC.
However, CMC was reported to directly affect gut microbiota and
aggravate colitis symptoms (Naimi et al. 2021). Therefore, this
study investigated whether the administration of adenine by i.p.
injection could induce CKD in ICR mice. With this approach, any
alteration of gastrointestinal function would not be a direct conse-
quence of the substance used to induce CKD.

Doses of 25, 50, and 75 mg of adenine/kg of BW were chosen
with reference to previous reports that described the induction
of CKD by oral administration and i.p. injection. In those reports,
Fig. 8. Effect of adenine injection on liver function test. ICR mice were i.p. injected with
kidney disease (CKD). A, B, and C: Adenine injections at 25 and 50 mg/kg did not affect AS
way ANOVA followed by Bonferroni test).
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CKD was induced in mice by oral administration of 50 mg/kg ade-
nine for 28 days, and in rats by i.p. injection of 50 and 100 mg/kg
adenine for 28 days (Rahman et al. 2018; Al Za’abi et al. 2015). The
results of the present study showed that 75 mg/kg was an intoler-
able adenine dosage since the survival rate of the mice in this
group significantly decreased. After 21 days of treatment with
50 mg/kg adenine, all mice were alive but their BW was signifi-
cantly reduced. The reduction in BW was consistent with a CKD
animal model that received a diet containing adenine and another
that underwent 5/6 nephrectomy (Ali et al. 2013; Rahman et al.
2018; Yang et al. 2018). In addition to reductions in BW and food
intake, an increase in BUN and plasma creatinine levels occurred
from an early stage of adenine administration. In a recent long-
term adenine administration study, crystal deposition in the kid-
ney resulted in progressive renal dysfunction and the development
of CKD (Santos et al. 2019).

The accumulated BUN and plasma creatinine of the 50 mg/kg
adenine group indicated a decline in kidney function. A histopatho-
logical study revealed marked renal tubular dilatation, glomerular
necrosis, cellular infiltration, and interstitial fibrosis in this group.
Urea and creatinine are the nitrogenous end products of dietary
normal saline (control) or adenine at 25 and 50 mg/kg for 21 days to induce chronic
T, ALT, and ALP levels, respectively. Data are shown as means ± SEM (n = 3–5) (one-
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and tissue protein metabolism. BUN level indicates the nitrogenous
component of the urea in the blood and creatinine is derived from
muscle creatine catabolism. Both urea and creatinine, which are
distributed in the body’s circulation, are normally eliminated by
the kidneys, but when kidney function declines by up to 50%, they
accumulate in the bloodstream, and levels of BUN and plasma cre-
atinine are elevated (Hosten 1990). This elevation is the earliest
sign of the effect of adenine on renal function and the onset of
CKD induction. Adenine causes massive fluid volume depletion
by downregulation of water channel aquaporin 2 and sodium–
potassium chloride cotransporter. The massive fluid depletion
causes renal fluid loss, resulting in the first development of early
renal failure, and then CKD in long-term adenine administration.
At a pharmacological dose, adenine is catalyzed by the xanthine
pathway resulting in 2,8-dihydroxyadenine (DHA) which is poorly
soluble in water. If urine pH is normal, DHA forms crystal deposits
in the renal tubule, leading to renal cellular infiltration and renal
fibrosis, and subsequently, progressive renal failure accompanied
by renal fibrosis (Santos et al. 2019; Tamura et al. 2009). Further-
more, the uremic toxins indoxyl sulfate and p-cresyl sulfate can
induce tubulointerstitial fibrosis, glomerular sclerosis, and severe
renal function impairment, which advance the development of
CKD (Barreto et al. 2009; Rukavina Mikusic, Kouyoumdzian, and
Choi 2020).

Since the kidney’s normal function is to maintain fluid, elec-
trolyte, and waste product homeostasis, when kidney function is
reduced, urea accumulates in the circulation and enters the gas-
trointestinal tract, causing uremic dysbiosis or alteration of gut
microbiota. These changes can lead to gastrointestinal tract dys-
function, including constipation and intestinal epithelial barrier
damage (Castillo-Rodriguez, Fernandez-Prado, and Esteras 2019).
To investigate gastrointestinal tract symptoms associated with
adenine injection, the present study determined defecation status,
intestinal motility, and intestinal permeability. We also measured
intestinal length, which provides the first sign of colonic structural
abnormality and inflammation (Chen et al. 2017; K-da et al. 2020).
The colon of mice in the 50 mg/kg adenine group was shorter than
the colon in the control group, which indicated an association
between CKD and the gastrointestinal tract. In this CKD model,
the associated gastrointestinal dysfunction may be quite
significant.

Mice in both treatment groups showed a reduction in the defe-
cation frequency and fecal water content. The possible cause of
these changes could be increased populations of urease bacteria
in the modified gut microbiota. Urease bacteria can hydrolyze urea
to ammonium and ammonium hydroxide. This alteration to the
gut microbiota increases luminal pH and inhibits intestinal smooth
muscle function (Vaziri 2012; Wong et al. 2014). Smooth muscle
dysfunction can reduce intestinal motility which slows gastroin-
testinal transit and prolongs luminal content. In turn, water
absorption in the gut increases, fecal water content is reduced
and stool becomes harder (Hayeeawaema, Wichienchot, and
Khuituan 2020; Rukavina Mikusic, Kouyoumdzian, and Choi
2020). These results are consistent with reports of increasing com-
plaints of constipation associated with a progressive decline in kid-
ney function among ESKD patients (Lu et al. 2019; Zha and Qian
2017). Constipation is a vicious cycle that alters gut microbiota.
This cycle affects active substances in the lumen and influences
bowel motor, secretory, and integrity functions (Khalif et al. 2005).

The significant reduction in TEER found in the 50 mg/kg adenine
group indicates an impairment of intestinal epithelial integrity.
When urea enters the gastrointestinal lumen, it alters the balance
of gut microbiota. In CKD patients, obligate anaerobic bacteria such
as Lactobacillus and Bifidobacterium genera were seen to decrease,
but pathogenic bacteria such as the Enterobacteriaceae family,
which generate toxins such as amines, indoles, and p-cresol,
8

increased (Zha and Qian 2017). Pathogenic bacteria can also gener-
ate bacterial urease, which can elevate ammonia and ammonium
hydroxide levels. These toxins would disrupt the intestinal epithe-
lial tight junctions and eventually interrupt the intestinal barrier
(Ramos et al. 2019; Sumida et al. 2019). Gastrointestinal dysbiosis,
constipation, and impaired intestinal integrity may well affect the
onset and progression of CKD over the neurogenic, endocrine, and
inflammatory pathways (Al Khodor and Shatat 2017; Rukavina
Mikusic, Kouyoumdzian, and Choi 2020).

Our results showed no alteration in the activities of AST, ALT,
and ALP, which are important biomarkers of liver injury. Vital
organs and the CBC parameters were unaffected, which suggested
that, except for the kidney and gastrointestinal tract, this adenine
injection model did not cause tissue injury, infection, or anemia
in the ICR mice. Therefore, this novel adenine injection model
might be a good alternative approach to the study of CKD-
associated gastrointestinal dysfunction and the development of
therapeutic strategies to slow the progression of CKD by improving
the gastrointestinal tract function or rebalancing gut microbiota
(Barreto et al. 2009; Rukavina Mikusic, Kouyoumdzian, and Choi
2020). The great advantage of this model is that adenine adminis-
tered by injection does not directly alter the agents of interest or
supplementary products given to the mice (Ali et al. 2013).

5. Conclusion

Adenine intraperitoneally injected at 50 mg/kg was the lowest
dose of adenine to induce CKD. This route of administration could
induce CKD with the associated gastrointestinal dysfunctions of
constipation and intestinal barrier impairment. Thus, this method
of inducing CKD could be useful in studying CKD-associated gas-
trointestinal problems but could also be useful to those developing
new treatments aimed at slowing down the progression of the con-
dition and alleviating associated complications by improving gas-
trointestinal functions.
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