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Abstract 

 
Background and purpose: Diabetic nephropathy (DN) in the first and second generations of diabetic rats and 
improving kidney function by gamma aminobutyric acid (GABA) were investigated. 
Experimental approach: Male and female rats and their offspring were used. Diabetes was induced by a high-
fat diet and a low dose of streptozotocin. Animals were divided into the diabetic positive control (D) group, 
the diabetic group receiving insulin (D + insulin), and the diabetic group receiving GABA (D + GABA). In 
addition, two groups of non-diabetic parents were assigned as negative control (NDC) groups. Each animal 
was monitored for 16 weeks, and offspring were fed with normal diet. The blood glucose level, urine volume, 
and water intake, as well as renal function, including the serum levels of blood urea nitrogen (BUN), creatinine 
(Cr), and glomerular filtration rate (GFR) were assessed. Also, the hyperinsulinemic-euglycemic clamp and 
gene expressions of Nox4 and Icam1 in the kidneys were measured for all subjects. 
Findings/Results: GABA administration in parents and offspring decreased blood glucose level, insulin 
resistance, GFR, serum levels of BUN and Cr compared to the D groups. GABA reduced the urine Cr, BUN, 
and albumin loads in both parents and offspring in comparison to the D groups. GABA decreased Nox4 and 
Icam1 gene expression in both parents and offspring. 
Conclusion and implications: GABA decreased the risk of DN, hyperglycemia, and insulin resistance in both 
diabetic parents and their offspring by improving kidney function, highlighting the potential therapeutic 
benefits of GABA in managing type 2 diabetes complications. 
 
Keywords: Diabetes; GABA; Hyperinsulinemic-euglycemic clamp; Insulin resistance; Kidney function; 
Nephropathy.  

 
INTRODUCTION 

 
Diabetes mellitus (DM) is a metabolic 

disorder characterized by high blood glucose 
levels. One of the leading causes of type 2 DM 
(T2DM) is insulin resistance (1,2). The most 
prevalent form of diabetes, T2DM, affects 
vascular function in individuals (3,4). Organ 
difficulties, including kidney issues, are 
brought on by vascular issues. Twenty to fifty 
percent of those with diabetes have been 
diagnosed with diabetic nephropathy (DN). DN 

is characterized by persistent albuminuria and 
progressive decline in renal function (5,6). The 
pathological process in DN leads to most 
molecular events that one of which is oxidative 
stress, which links DN and T2DM (7).  These 
molecular events affect the production of 
chronic inflammation, glomerular and tubular 
hypertrophy.  
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The alteration of redox leads to albuminuria, 
proteinuria, glomerulosclerosis, and tubule-
interstitial fibrosis. Oxidative stress in DN has 
the value to consider as a trigger, modulator, 
and link within the complex web of 
pathological events that occur in DN (8). The 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (Nox) plays a significant 
role in the development of oxidative stress (9). 
The Nox family has 7 different isoforms, one of 
which, Nox4, is primarily expressed in the 
cortex of the kidney. According to earlier 
research on the kidney, diabetes increases the 
expression of Nox4, leading to renal 
pathologies such as interstitial fibrosis, 
mesangial enlargement, and renal structural 
degradation (9,10). Intercellular adhesion 
molecule-1 (Icam1) is considered to clarify the 
process of oxidative stress on the pathology of 
DN (11). Icam1 expression has considerably 
risen in nephropathy, which affects the immune 
system, cytokines homeostasis, and reactive 
oxygen species (ROS) (12-14). Previous 
studies have shown that Icam1 plays a crucial 
role in the development of diabetes (15,16).  

Gamma-aminobutyric acid (GABA) is one 
of the compounds co-secreted with insulin by β 
cells (14)Its receptors are expressed in α and    β 
cells, which provide membrane depolarization 
in β cells, increase insulin secretion, and 
suppress α cells to decrease glucagon secretion 
(17). In earlier research, type 1 and type 2 
diabetic rat models were used to test the effects 
of GABA administration on insulin resistance, 
blood glucose levels, vascular tone, and blood 
pressure (18,19). In another study, the 
administration of GABA showed protective and 
beneficial effects on the liver and kidney 
associated with diabetes in an animal model, 
and GABA plays a role in protecting the tissues 
from lipid peroxidation and the remission of 
vascular function (20,21). In addition, the 
previous work indicated that GABA therapy in 
diabetic parents reduced the risk of insulin 
resistance in their offspring (22). 

Since diabetes increases the plasma 
concentration of free fatty acids, which can pass 
through the placenta, disturb the insulin 
signaling pathway, and cause insulin resistance 
in children of diabetic mothers (23-25). So far, 
it was unclear the role of GABA in improving 

kidney function following the reduction of 
insulin resistance in both sexes and their 
offspring.  Therefore, the current study 
examined the effect of GABA to prevent DN in 
the first and second generations of the diabetic 
rat model and improve kidney function via 
decreasing insulin resistance and the expression 
of Nox4 and Icam1genes in the male and female 
diabetic rat model. 
 

MATERIALS AND METHODS 
 
Animals 

Forty-eight male and female Wistar rats (4-
week-old) were purchased from Razi Institute 
(Tehran, Iran) and kept in the animal house 
(Medical School, Isfahan University of Medical 
Sciences, Isfahan, Iran) at the temperature of 22 
± 2 °C, relative humidity of 50 ± 5%, 12/12 h 
light/dark cycle, and free access to water and 
pellet diet. All experimental procedures were 
approved by the Ethical Committee of Isfahan 
University of Medical Sciences (Ethical code: 
IR.MUI.MED.REC.1398.120). 
 
Experimental design 

Six rats in each sex were assigned as the non-
diabetic control group (NDC), which received 
standard chow. The rest of the animals received 
a high-fat diet (HFD) containing 58% fat, 25% 
protein, and 17% carbohydrate for 3 months. 
Then, the animals received intraperitoneally 
(IP) a single dose (35 mg/kg) of streptozotocin 
(STZ, Sigma Aldrich, Hamburg, Germany) 
dissolved in saline (22). To confirm type 2 
diabetes, one week after STZ injection, the 
blood glucose level and insulin tolerance test 
(ITT) were measured, and the animals with 
blood glucose levels above 250 mg/dL and 
impaired ITT were included in the study. The 
diabetic animals were randomly divided into 
the groups (n = 6) including non-treated 
diabetic animals as positive control group (D), 
the diabetic animals treated with insulin (D + 
insulin) at the dose of 2.5 U/kg, twice/day, IP 
(22) , and the diabetic animals treated with 
GABA (Sigma Aldrich, Hamburg, Germany) at 
the dose of 1.5 g/kg, IP (22) as group D + 
GABA. All animals were housed for 3 months 
in a clean cage in the animal room under the 
above-mentioned conditions. Male and female 
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animals from each group were permitted to 
mate after a 2-month treatment period 
(receiving insulin or GABA). In addition, the 
animals received insulin, GABA, and HFD 
during the periods of mating, pregnancy, and 
lactation. The females nursed their offspring for 
a month while the males were separated after 
parturition. Then, the male and female offspring 
of all groups were separated and kept in 
independent cages with labels similar to the 
parental groups. Finally, the offspring were 
followed for 4 months with a regular diet 
(standard chow) and without receiving insulin 
or GABA (Fig. 1).  
 
Urine collection 

Every month each rat was individually 
placed in a metabolic cage with a collection 

placed in a metabolic cage with a collection 
container below. The floor was designed so that 
urine dropped through while feces remained 
behind. This manner allowed the collection of 
separate urine and feces for 24 h in all animals 
over a set time period. 
 
Insulin tolerance test 

ITT was performed monthly in all animals. 
To perform ITT, all animals received insulin 
(2.5 U/kg, IP). Then, the blood glucose of 
animals was measured with a glucometer 
through the tail at 0, 20, 30, 60, 90, and 120 min 
after the injection of insulin (26). ITT was 
measured once, immediately after inducing 
diabetes and before starting the treatment, and 
then it was repeated monthly. 

 

 

Fig. 1. Experimental design in the study. Four-week-old rats weighing 80-90 g were used in this study. In parental groups, 
the NDC groups were fed with a normal diet, and diabetes was induced by receiving a high-fat diet and streptozotocin 
(35 mg/Kg). In addition, D + insulin and D + GABA parental groups received insulin at the dose of 2.5 U/Kg and GABA 
at the dose of 1.5 g/kg, respectively. Offspring groups were followed for 4 months with a regular diet (standard chow) 
and without receiving insulin or GABA. STZ, Streptozotocin; IP, intraperitoneally; BG, blood glucose; D, diabetes; 
GABA, gamma aminobutyric acid; NDC, non-diabetic control. 
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Euglycemic-hyperinsulinemic clamp in the 
conscious rat 

All animals were anesthetized with a single 
dose of ketamine (100 mg/kg, IP) and xylazine 
(8 mg/kg, IP) (27). Then, the common carotid 
artery (for drawing blood) and jugular vein (for 
infusing insulin and glucose) were cannulated, 
and the tubes were fixed to the back of the 
animal. Next, rats were housed individually 
after surgery to prevent wound disruption from 
cagemates, and the under-surgical areas were 
cleaned and inspected daily for signs of 
infection, like swelling, redness, or purulent 
discharge. Soft bedding was used, and cages 
were changed frequently to maintain 
cleanliness. After a 3-5-day recovery period, 
the animals were used for euglycemic-
hyperinsulinemic clamp according to the 
previous experience (22). In brief, the animals 
were fasted for 17 h, and the rate of insulin and 
glucose infusions was calculated based on the 
body weight of the animals. A Y connection 
and 2 microinjection pumps (New Era Pump 
System Inc., Farmingdale, NY, USA) were 
used to infuse insulin and glucose 
simultaneously via the jugular vein. Also, a 
blood sample was drawn via the carotid artery 
during the clamp. Based on body weight, 
insulin (20 mU/kg/min) was administered at a 
rate of 5 mL/h, and 25% glucose was injected 
with a variable rate to clamp glucose at 
euglycemia (22). The clamp lasted for 5 h for 
each animal, during which blood glucose was 
measured with a glucometer (ACCU-CHEK 
Active, Germany) every 5-10 min, and 10 
U/mL heparinized saline was replaced. At the 
end of the study, the blood samples were taken 
from the tail vein, and then the animals were 
anesthetized with pentobarbital (150 mg/kg, 
IP). The right and left kidneys were removed to 
perform histopathological and quantitative real-
time polymerase chain reaction (qPCR) 
procedures, respectively. Finally, insulin-
stimulated glucose uptake was determined by the 
amount of glucose injected in the last 30 min of 
the clamp. It was utilized to calculate the 
glucose infusion rate (GIR; mg/kg/min). 
 
Biochemical assay 

Quantitative kits (Pars Azmoon, Iran) were 
used to measure the serum levels of blood urea 
nitrogen (BUN), creatinine (Cr), and albumin, 

as well as the urine levels of glucose, Cr, and 
albumin. Sodium (Na) serum and urine levels 
were measured via the ion-selective electrodes 
method. Glomerular filtration rate (GFR) was 
calculated (28) using the equation (1):  

𝐶𝑟𝐶𝑙 ൌ  𝑈𝐹 ൈ  
𝑈𝐶𝑟
𝑃𝐶𝑟

                                                         ሺ1ሻ 

where, CrCl, UF, UCr, and PCr were put 
instead of Cr clearance, urine flow, urine Cr, 
and plasma Cr, respectively. Fractional 
excretion of sodium (FENa) was calculated 
using equation (2): 

 

𝐹𝐸𝑁𝑎 ൌ  
ሺ𝑈𝑁𝑎 ൈ 𝑈𝐹ሻ

ሺ𝑃𝑁𝑎 ൈ 𝐺𝐹𝑅ሻ
 ൈ 100                                   ሺ2ሻ 

where, UNa and PNa were put instead of urine 
Na and plasma Na, respectively. Fractional 
excretion of glucose (FEG) was calculated 
using equation (3): 

𝐹𝐸𝐺 ൌ  
ሺ𝑈𝐺 ൈ  𝑈𝐹ሻ

ሺ𝑃𝐺 ൈ  𝐺𝐹𝑅ሻ
 ൈ  100                                       ሺ3ሻ 

where, UG and PG were put instead of urine 
glucose and plasma glucose, respectively. 
Urine Cr load was calculated using equation 
(4): 

𝑈𝐶𝑟 𝑙𝑜𝑎𝑑 ൌ  𝑃𝐶𝑟 ൈ  𝑈𝐹                                                ሺ4ሻ 

and urine albumin load was calculated using 
equation (5): 

𝑈𝑟𝑖𝑛𝑒 𝑎𝑙𝑏𝑢𝑚𝑖𝑛 𝑙𝑜𝑎𝑑 
ൌ  𝑝𝑙𝑎𝑠𝑚𝑎 𝑎𝑙𝑏𝑢𝑚𝑖𝑛𝑒 ൈ  𝑈𝐹         ሺ5ሻ 

 

Histopathology procedures 
The tissue was immersed in a fixative 

(commonly 10% neutral buffered formalin) for 
several hours and then tissue was embedded in a 
block of paraffin wax and allowed to solidify. 
Paraffin-embedded tissue of the right kidneys 
was cut into thin sections (3-5 µm) using a 
microtome (Genex, Iran) and placed on glass 
slides. The periodic acid Schiff staining (PAS) 
and Jones methenamine silver (JMS) were 
applied to examine the tissue injury. To consider 
the kidney damage, the presence of tubular 
atrophy, fibrosis, connective tissue changes, 
inflammation, degeneration of tubular epithelial 
cells, congestion, and glomerular damage were 
evaluated. Based on the damage intensity, the 
samples were scored as 1-4, while a score of zero 
was considered to be normal tissue. 
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qPCR of kidney tissue 

After hyperinsulinemic-euglycemic clamp, 
50-100 mg of the left kidneys was removed, 
washed in ice-cold isotonic saline. Then, tissues 
were kept in DNase/RNase-free microtube and 
immediately put into a nitrogen tank for RNA 
isolation. According to the manufacturer's 
instructions, M-MLV RT (AnaCell, lot N. 
CS0021, Iran) was used to synthesize 
complementary DNAs (cDNAs) from 5 to 10 
ng of the total RNA. To ascertain the 
expressions of the Nox4 and Icam1 mRNA 
genes, qPCR was carried out in accordance with 
our prior experience (22). The list of primers 
designed in this study has been provided in 
Table 1. 
 
Statistical analysis 

All data were expressed as  mean ± SEM, and 
analyzed by SPSS software version 16 using 
one-way ANOVA followed by Tukey post-hoc 
test. In addition, ANOVA for repeated 
measures followed by Tukey post-hoc test was 
used to evaluate the measured data monthly or 
weekly. P-values ≤ 0.05 were considered 
statistically significant. 
 

RESULTS 
 
Changes in GIR, ITT, and blood glucose level 
in parents and their offspring 

To confirm the induction of type 2 diabetes 
ITT, the glucose area under the curve (AUC), 
and the percentage of hypoglycemia were 
measured 20 min after insulin administration in 
all groups. The results showed that AUC in all 
diabetic groups significantly increased in 
comparison to NDC groups, and blood glucose 
could not decrease 20 min after insulin injection 
(Fig. 2A-F). The results of the present study, 
illustrated in Fig. 2 G and H, showed that the 
levels of blood glucose increased in both 
parents after diabetes induction in D groups 

compared to NDC groups, and hyperglycemia 
was maintained until the end of the study in the 
groups. The administration of GABA or insulin 
significantly decreased the blood glucose level 
in both parents in comparison to D group. 
Significant differences were not observed in 
blood glucose levels among all offspring in 
both genders (Fig. 2I and J). The results also 
showed that GIR decreased in both parents in 
the D group after diabetes induction compared 
to the NDC parents. GABA administration in 
both parents could significantly increase GIR 
compared to both D groups (Fig. 2K), but 
insulin could only significantly increase GIR in 
male parents compared to the male D group 
(Fig. 2K). The results in offspring groups also 
showed that GIR in male and female D groups 
was especially less than one in NDC groups 
(Fig. 2L). The administration of GABA or 
insulin in both parents significantly increased 
GIR in male and female offspring compared to 
D groups (Fig. 2L). 
 
Changes in water consumption, urine volume, 
GFR, FENa, and FEG in parents and their 
offspring 

The findings in parental groups (Fig. 3A              
and B) showed that water consumption in D 
groups significantly increased in comparison to 
NDC groups and the administration of insulin 
or GABA in male gender could significantly 
reduce polydipsia compared to the D group. As 
Fig. 3B shows, unlike insulin, the 
administration of GABA could not significantly 
decrease polydipsia in female diabetic animals 
compared to the female D group. Figures 3C 
and D showed that water consumption in male 
and female offspring of D parents significantly 
increased in comparison to the respective NDC 
ones. GABA administration in diabetic parents 
could particularly decrease water consumption 
in both male and female offspring compared to 
both offspring of D parents (Fig. 3C and D).  

Table 1. Primers for quantitative real-time PCR analysis of gene expression. 

Gene Reveres primer sequence Forward primer sequence Reference 

Beta-actin  CTGACCCATACCCACCATCAC CTGACCCATACCCACCATCAC 
Designed with NCBI Primer-
BLAST 

Icam1 CGCTCTGGGAACGAATACACA AAGCTCTTCAAGCTGAGCGA 
Designed with NCBI Primer-
BLAST 

Nox4 CCTGCTAGGGACCTTCTGTG TGGGCCTAGGATTGTGTTTGA 
Designed with NCBI Primer-
BLAST 
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Fig. 2. Comparison of insulin tolerance test in (A) male and (D) female; AUC in (B) male and (E) female; decreased 
blood glucose in (C) male and (F) female in parents before intervention; blood glucose in (G) male and (H) female parents; 
blood glucose in (I) male and (J) female offspring; GIR in (K) parents and (L) offspring. In parental groups, the NDC 
groups were fed with a normal diet, and diabetes was induced by receiving a high-fat diet and streptozotocin (35 mg/Kg). 
In addition, D + insulin and D + GABA parental groups received insulin at the dose of 2.5 U/Kg and GABA at the dose 
of 1.5 g/kg, respectively. Offspring groups were followed for 4 months with a regular diet (standard chow) and without 
receiving insulin or GABA. Data were expressed as mean ± SEM, n = 6. ***P < 0.001 demonstrates a significant difference 
compared with the respective NDC group in each gender; ###P < 0.001 versus the respective D group in each gender; $$$P 
< 0.001 versus other groups. AUC, Area under the curve; GIR, glucose infusion rate; NDC, non-diabetic control;                       
D, diabetic; GABA, gamma-aminobutyric acid. 

 
However, insulin therapy in diabetic parents 

just could significantly decrease water 
consumption in their female offspring 
compared to female offspring of D parents  
(Fig. 3D). The results of this study showed that 
urine volume in both D parents significantly 
raised when compared with NDC groups               
(Fig. 3E and F), and both insulin and GABA in 
male gender could significantly decreased urine 
volume compared to D group (Fig. 3E). On the 
other hand, GABA could not reduce  polyuria in 
the female animals in comparison to female D 
group (Fig. 3F). The results presented in                     
Fig. 3G and H showed that urine volume 
significantly increased in both male and female 

offspring of diabetic parents compared to ones 
of NDC parents the only 2 months after their 
follow-up. Insulin therapy in diabetic parents 
did not have any effect on the urine volume in 
their male and female offspring compared to the 
offspring of D parents, but in 2 months after 
follow-up, GABA administration could 
significantly reduce urine volume in both sexes 
of offspring compared to both sexes of male and 
female offspring of D parents. (Fig. 3G and H). 
GFR was calculated for all groups, and the 
results illustrated that diabetes induction 
seriously increased GFR in both parents 
compared with respective NDC groups, and 
GABA or insulin therapy significantly 
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decreased GFR in both parents compared with 
respective D groups (Fig. 3I). As the results 
presented in Fig. 3J, the offspring of D parents 
in both sexes have a significant increase in    
GFR compared to the offspring of NDC 
parents. However, treatment with insulin only 
in the female offspring and treatment with 
GABA only in the male offspring were able to 
significantly reduce GFR compared with the 
female and the male D groups, respectively 
(Fig. 3J). Figure 3K showed that FENa in both 
sexes significantly decreased in D groups in 
comparison to the respective NDC groups. 
GABA administration could significantly 
decrease FENa in both parents compared to 
both D parents (Fig. 3K). However, insulin 
therapy could only significantly increase                
FENa in female parents compared to the female 
D group (Fig. 3K). Also, the findings showed 

that diabetes induction could significantly 
decrease FENa in male offspring compared to 
the male NDC group. On the other hand, insulin 
or GABA administration in both parents could 
not make any significant changes in both                   
sexes of their offspring compared with both 
sexes of the D offspring (Fig. 3L). The results 
of the present study (Fig. 3M) showed that FEG 
significantly decreased in both parents in the D 
groups compared to the NDC groups. Insulin or 
GABA therapy significantly increased                  
FEG in both parents compared to both D 
groups. FEG in the male offspring of the D 
group significantly decreased compared to the 
male offspring of the NDC parents (Fig. 3N). In 
addition, female offspring of parents receiving 
insulin showed a significant reduction in FEG 
compared to the female offspring of D                 
parents (Fig. 3N). 
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Fig. 3. Comparison of water consumption in (A) male and (B) female parents; water consumption in (C) male and (D) 
female offspring; urine volume in (E) male and (F) female parents; urine volume in (G) male and (H) female offspring; 
GFR in (I) male and female parents and (J) male and female offspring; FENa in (K) male and female parents and (L) male 
and female offspring; FE of glucose in (M) male and female parents and (N) male and female offspring. Water 
consumption and urine volume were measured every month by using the metabolic cage. To perform this test, each rat 
was put in a metabolic cage (Tajhizgostar Co, Iran) for 24 h. In parental groups, the NDC groups were fed with a normal 
diet, and diabetes was induced by receiving a high-fat diet and streptozotocin (35 mg/Kg). In addition, D + insulin and D 
+ GABA parental groups received insulin at the dose of 2.5 U/Kg and GABA at the dose of 1.5 g/kg, respectively. 
Offspring groups were followed for 4 months with a regular diet (standard chow) and without receiving insulin or GABA. 
Data were expressed as mean ± SEM, n = 6. **P < 0.01 and ***P < 0.001 demonstrate significant differences compared 
with the respective NDC group in each gender; ##P < 0.01 and ###P < 0.001 versus respective D group in each gender. 
GFR, glomerular filtration rate; FENa, fractional excretion of sodium; FE, fractional excretion; NDC, non-diabetic 
control; D, diabetic; GABA, gamma-aminobutyric acid. 
 
Changes in serum Cr and BUN levels and 
urine load of albumin, Cr, BUN, and glucose 
in parents and their offspring 

The results of the present study in Fig. 4A 
showed that diabetes induction increased serum 
Cr level in both parents in the D groups 
compared to both the NDC groups. GABA 
therapy could significantly decrease serum Cr 
level in both parents compared to both D 
parents (Fig. 4A).   However, insulin 
administration could not considerably change 
serum Cr level in both parents compared to both 
D groups (Fig. 4A). The findings presented in 
Fig. 4B showed that serum Cr level in female 
offspring of D parents significantly increased in 
comparison to the female offspring of NDC 
parents. GABA therapy in parents significantly 
decreased the serum level of Cr in both sexes of 
their offspring compared to both D offspring 
(Fig. 4B). Female offspring of parents receiving 
insulin also showed reduced serum Cr level 
compared to female progeny of D parents (Fig. 
4B). As Fig. 4C shown, diabetes induction 
significantly increased serum BUN level in 
both D parents compared to both NDC parents. 
Insulin or GABA therapy significantly 
decreased serum BUN level in both parents 
compared to both D parents (Fig. 4C). 

According to the data presented in Fig. 4D, the 
serum level of BUN in the male offspring of the 
D group significantly increased in comparison 
to the male offspring of NDC parents. Both 
insulin and GABA administration in parents 
were able to decrease dramatically serum BUN 
level in their female offspring compared to 
female offspring of the D parents (Fig. 4D). The 
results of the present study showed that the 
urine Cr load in both D parents gradually 
increased in comparison to NDC parents from 
month 1 by the end of month 3, which was 
significant. Treatment with GABA or insulin in 
both parents significantly decreased urine Cr 
load compared to the D groups (Fig. 4E and F).                   
The results shown in Fig. 4G indicated that the 
urine Cr load in male offspring of the D group 
significantly increased in the second month 
compared with male offspring                   
of the NDC group. However, significant 
differences were not observed between male 
offspring of groups insulin and D, but a 
significant difference was observed between 
GABA groups and D in male sex (Fig. 4G). 
Diabetes induction in parents caused to 
significant increase in the urine Cr load in                 
their female offspring compared with female 
offspring of the NDC group (Fig. 4H).                   
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The urine Cr load in female offspring of parents 
receiving GABA decreased significantly 2 
months after birth in comparison to female 
offspring of groups insulin and D (Fig. 4H). 
According to the findings presented in Fig. 4I 
and J, diabetes induction significantly increased 
urine BUN load in both sexes compared with 
NDC groups, and GABA and insulin therapy 
could significantly decrease urine BUN load in 
both sexes compared to D groups. The findings 
of this research showed that urine BUN load in 
both male and female offspring of D parents 
significantly increased in comparison with both 
male and female offspring of NDC parents 4 
months after follow-up (Fig. 4K and L). GABA 
therapy in both diabetic parents significantly 
decreased urine BUN load in both male and 
female offspring compared to both offspring of 
the D group (Fig. 4K and L).  Diabetes induction 
significantly increased urine albumin load in 

both parents compared to both NDC parents 
(Fig. 4M and N). As shown in Fig. 4M and N, 
urine albumin load gradually increased from the 
beginning of the 1st month to the end of the 3rd 
month in both diabetic parents compared to 
both NDC parents. Insulin or GABA therapy 
significantly decreased urine albumin load in 
both parents compared to both D parents, and 
this decrease was not to the extent that urine 
albumin load reached the level of the NDC 
groups (Fig. 4M and N). The results of the 
present study showed that urine albumin load in 
both male and female offspring of diabetic 
parents significantly increased in comparison to 
both male and female offspring of NDC parents 
(Fig. 4O and P). The administration of GABA 
or insulin in diabetic parents could not change 
the urine albumin load in their offspring 
compared to the offspring of D parents (Fig. 4O 
and P). 
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Fig. 4. The comparison of renal function in parents and offspring in all groups. Serum level of Cr in (A) parents and (B) 
offspring; serum level of BUN in (C) parents and (D) offspring; urine load of Cr in (E) male and (F) female parents; urine 
load of Cr in (G) male and (H) female offspring; urine load of BUN in (I) male and (J) female parents; urine load of BUN 
in (K) male and (L) female offspring; urine load of albumin in (M) male and (N) female parents; urine load of albumin in 
(O) male and (P) female offspring. In parental groups, the NDC groups were fed with a normal diet, and diabetes was 
induced by receiving a high-fat diet and streptozotocin (35 mg/Kg). In addition, D + insulin and D + GABA parental 
groups received insulin at the dose of 2.5 U/Kg and GABA at the dose of 1.5 g/kg, respectively. Offspring groups were 
followed for 4 months with a regular diet (standard chow) and without receiving insulin or GABA. Data were expressed 
as mean ± SEM, n = 6. *P < 0.05, **P < 0.01, and ***P < 0.001 demonstrate significant differences compared with the 
respective NDC group in each gender; #P < 0.05, ##P < 0.01, and ###P < 0.001 versus respective D group in each gender. 
BUN, Blood urea nitrogen; Cr, creatinine; NDC, non-diabetic control; D, diabetic; GABA, gamma-aminobutyric acid. 
 
Changes in kidney weight, kidney pathology, 
and the expression of mRNA genes of Nox4 
and Icam1 in parents and their offspring 

The results of the present study showed that 
kidney weigh in both D parents significantly 
increased in comparison to both NDC parents 
(Fig. 5A). Insulin or GABA administration in 
both diabetic parents significantly decreased 
kidney weight compared to both D parents (Fig. 
5A). The results illustrated in Fig. 5B showed 
that kidney weight in male offspring of D 
parents significantly increased in comparison to 
male offspring of NDC parents, and GABA 
therapy just relatively decreased kidney weight 
in male offspring of GABA group compared 
with male offspring of D groups. Nox4 gene 
expression in both diabetic parents significantly 

increased in comparison to both NDC parents 
(Fig. 5C). GABA therapy significantly 
decreased Nox4 gene expression in both parents 
compared to both D groups, but insulin therapy 
just decreased Nox4 gene expression in female 
parent compared to female D parent (Fig. 5C). 
The results showed that however diabetes 
induction increased the expression of Nox4 
gene in both offspring of diabetic parents 
compared to both offspring of NDC parents, 
this increment was significant only in female 
diabetic offspring compared with female 
offspring of NDC parents (Fig. 5D). According 
to Fig. 5D, the administration of GABA only 
could significantly decrease Nox4 gene 
expression in male offspring of GABA parents 
compared with male offspring of the D group. 
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The results of this study indicated that Icam1 
mRNA gene expression significantly increased 
after diabetes induction in both parents 
compared to both NDC parents (Fig. 5E). 
Insulin or GABA administration in both parents 
significantly decreased the expression of Icam1 
mRNA gene expression compared to both D 
parents (Fig. 5E). The results also showed that 

Icam1 mRNA gene expression in male 
offspring of D parents significantly increased in 
comparison to male offspring of NDC parents; 
however, the expression of this gene 
significantly decreased only in male offspring 
of parents receiving GABA compared to male 
offspring of D parents (Fig. 5F). All of the 
results were summarized in Table 2. 

 

 

 
Fig. 5. Comparison of kidney weight in (A) male and female parents and (B) male and female offspring; Nox4 mRNA 
gene expression in (C) male and female parents and (D) male and female offspring; Icam1 mRNA gene expression in (E) 
male and female parents and (F) male and female offspring. In parental groups, the NDC groups were fed with a normal 
diet, and diabetes was induced by receiving a high-fat diet and streptozotocin (35 mg/Kg). In addition, D + insulin and D 
+ GABA parental groups received insulin at the dose of 2.5 U/Kg and GABA at the dose of 1.5 g/kg, respectively. 
Offspring groups were followed for 4 months with a regular diet (standard chow) and without receiving insulin or GABA. 
Data were expressed as mean ± SEM, n = 6. **P < 0.01 and ***P < 0.001 demonstrate significant differences compared 
with the respective NDC group in each gender; ##P < 0.01 and ###P < 0.001 versus respective D group in each gender. 
Nox, NADPH oxidase; Icam1, intercellular adhesion molecule-1; NDC, non-diabetic control; D, diabetic; GABA, 
gamma-aminobutyric acid.
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Table 2. Summary of study results. Yellow colour was assigned for normal changes; red colour for increasing changes; green colour for decreasing changes; and white colour 
for without changes.  In parental groups, the NDC groups were fed with a normal diet, and diabetes was induced by receiving a high-fat diet and streptozotocin (35 mg/Kg). In 
addition, D + insulin and D + GABA parental groups received insulin at the dose of 2.5 U/Kg and GABA at the dose of 1.5 g/kg, respectively. Offspring groups were followed 
for 4 months with a regular diet (standard chow) and without receiving insulin or GABA. 

D + GABA  D + insulin  D  NDC  Group  

O  P  O  P  O  P  O  P Generation  

F  M F M F M  F  M  F M  F M F M F  M Gender  

                Glucose infusion rate (mg/min/Kg body 
weight) 

                Blood glucose level (mg/dL) 

                Water consumption (mL) 

                Urine volume (mL) 

                Glomerular filtration rate (mL/min) 

                Fractional excretion of Na (%) 

                Fractional excretion of glucose (%) 

                Serum level of creatinine (mg/dL) 

                Serum level of blood urea nitrogen 
(mg/dL) 

                Urine load of albumin (mg/min)  

                Urine load of creatinine (mg/min) 

                Urine load of blood urea nitrogen 
(mg/min) 

                Kidney weight (g) 

                NOX4 

                ICAM1 

NDC, Non-diabetic control; D, diabetic; GABA, gamma aminobutyric acid; P, parents; O, offspring; M, male; F, female; Nox, NADPH oxidase; Icam1, intercellular adhesion molecule-1. 
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Changes in kidney tissues in parents and their 
offspring 

The pathology results were presented in            
Fig. 6. The findings in the renal tissues of 
parents showed that renal tubules in both male 
and female parents of D groups were damaged, 
and casts were observed in some parts of 
tubules in comparison to both male and female 
parents of NDC groups. Tubular size and 
cellular diameter in both male and female 
parents of D groups were smaller than both 
male and female parents of NDC groups. Bare 
basement membrane of renal tubules was seen 
in both male and female parents of D groups 
compared to both male and female parents of 
NDC groups (Fig. 6A). Renal tubule cells in 
both male and female offspring of D groups 
atrophied and damaged in comparison to both 
male and female offspring of NDC groups, and 
tubular size and cellular diameter in both male 

and female offspring of D groups were smaller 
than both male and female offspring of NDC 
groups. Bare basement membrane of renal 
tubules was seen in both male and female 
offspring of D groups compared to both male 
and female offspring of NDC groups (Fig. 6B). 

No atrophy, damage, and tubular casts were 
seen in renal tubule cells in both male and 
female parents of insulin or GABA groups and 
their offspring compared to both male and 
female parents of D groups and their offspring, 
and tubular size and cellular diameter in both 
male and female parents of insulin or GABA 
groups and their offspring were bigger 
compared to both male and female parents of D 
groups. Ordinary basement membrane of renal 
tubules was seen in both male and female 
parents of insulin or GABA groups and their 
offspring, compared to both male and female 
parents of D groups and their offspring (Fig. 6). 

 

 
Fig. 6. Comparison of pathology images (magnification ×100) in (A) parents and (B) offspring in the experimental groups. 
In parental groups, the NDC groups were fed with a normal diet, and diabetes was induced by receiving a high-fat diet 
and streptozotocin (35 mg/Kg). In addition, D + insulin and D + GABA parental groups received insulin at the dose of 
2.5 U/Kg and GABA at the dose of 1.5 g/kg, respectively. Offspring groups were followed for 4 months with a regular 
diet (standard chow) and without receiving insulin or GABA. NDC, non-diabetic control; D, diabetic; GABA, gamma 
aminobutyric acid. 
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DISSCUTION 
 

This study aimed to examine the 
administration of GABA in the male and female 
diabetic rat model and prevent DN in the first 
and second generations of the diabetic rat 
model and improve kidney function via 
decreasing insulin resistance and the expression 
of Nox4 and Icam-1 genes. In comparison to D 
parents, the results showed that both parents 
could benefit from GABA administration in 
terms of hyperglycemia, insulin resistance, and 
kidney function. The findings also 
demonstrated that male and female offspring in 
the GABA group had better glycaemic 
parameters and kidney function than both sexes 
of D offspring. The majority of end-stage renal 
disease cases are caused by DN, and there are 3 
main risk factors for DN, including diabetes, 
elevated plasma glucose levels, and insulin 
resistance (29-32). Insulin resistance is closely 
associated with microalbuminuria, which is one 
of the main symptoms of DN, and it seems that 
renal tubule epithelial cells are novel insulin-
sensitive cells (30). The current results 
indicated that type 2 diabetes induction, as 
previously shown (33), in both parents 
decreased GIR (a standard gold method to 
measure insulin resistance), and increased 
blood glucose levels, and the AUC of ITT. On 
the other hand, diabetes had a reduced 
sensitivity to insulin 20 min after insulin 
administration compared to both NDC parents. 
Also, kidney function, including GFR, FENa, 
and FEG, was likely decreased in both diabetic 
parents by high blood glucose levels and insulin 
resistance. Increased GFR above normal values 
is associated with early phases of kidney 
disease (34). The results showed that urinary 
albumin load in both diabetic parents increased 
compared to both NDC parents. A part of the 
albumin excretion in the urine is related to 
increased GFR, and another part is related to 
damage to the glomerular basement membrane, 
as shown in the pathology results. The literature 
has suggested that urinary excretion of albumin 
is a problem in diabetic patients (35). Finding 
drugs for enhancing kidney function in diabetic 
people is crucial since DN is a major 
contributor to end-stage renal disease and a 
significant risk factor for cardiovascular 

disease. Angiotensin receptor blockers (ARBs) 
have been suggested as first-line treatments for 
DN (36), and reported that high doses of ARBs 
are needed to treat DN; however, in some cases, 
aldosterone escape may reverse the beneficial 
effects of ARBs on DN (36). GABA was 
selected to prevent DN in HFD-induced 
diabetes in parents and their offspring. 
Literature has documented that GABA is 
present in peripheral organs, including the 
kidneys, and may alter kidney function and 
prevent chronic kidney disease (37,38). Takano 
et al. discovered GABA receptors, GABA-
producing enzymes, transporters, and GABA-
degrading enzymes in the kidney (37). In 
addition, it has been shown that GABA 
treatment has preventive effects on 
ischemia/reperfusion in the kidney (39). GABA 
ameliorates kidney injury by reducing 
macrophage infiltration in renal tissue (40). 
Kim et al. showed that some physiological 
changes caused by acute renal failure such as 
body weight, kidney weight gain, BUN and Cr 
elevation, GFR, FENa, and urine osmolality 
decrease in rats were significantly improved by 
oral  administration of GABA (41). In addition, 
one study revealed that GABA has potential as 
a therapeutic agent against the renal damage 
involved in acute renal failure (41) as well as 
tubular fibrosis and atrophy. The treatment of 
GABA in the experiment also enhanced all 
renal function, including GFR, FENa, and FEG. 
In the present investigation, GABA treatment 
reduced kidney weight, an inflammation 
indicator, in both diabetic parents and their 
offspring. Researchers proposed that kidney 
hypertrophy and atrophy can occur in DM 
patients (42). Renal hypertrophy occurs in DN, 
and large kidneys predict poor outcomes in 
patients with diabetes, and renal hypertrophy 
predicts microalbuminuria in patients with type 1 
diabetes (43). The present findings showed that 
GABA administration decreased albuminuria in 
both diabetic parents and their offspring. Also, 
GABA, in addition to reducing insulin 
resistance, increased urinary glucose excretion. 
As the results of renal pathology showed, 
urinary glucose excretion did not cause kidney 
damage, but reduced blood glucose levels and 
improved the symptoms of hyperglycemia in 
the diabetic parents and their offspring.  
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The molecular mechanisms involved in DN 
include high blood glucose levels, insulin 
resistance, and the activation of the renin-
angiotensin system (44,45). On the other hand, 
oxidative stress is crucial for DN, and rat 
kidneys express Nox4. The expression of Nox4 
is quickly induced by DN, and Nox4 is a 
significant ROS source linked to kidney 
damage in diabetes (46-48). The results of this 
study showed that Nox4 mRNA gene 
expression increased in both parents after 
diabetes induction compared to NDC parents, 
and GABA therapy decreased the expression of 
Nox4 in both parents compared to D parents. 
Moreover, insulin could reduce Nox4 expression 
in females only compared to diabetic females. 
Researchers showed that GABA decreases Nox4 
gene expression in cultured microglia via the 
GABAA receptor (49). Gao et al. reported that 
GABA agonists via GABAB receptor could 
improve the gastric ischemia-reperfusion injury 
in rats by the inhibition of Nox4 gene expression 
in the gastric mucosa (50). 

Icam-1 plays a vital role in endothelial 
dysfunction (51). Icam-1 is an acute-phase 
protein marker of inflammation. Recently, 
some researchers have reported that increased 
serum Icam-1 levels are correlated with 
albuminuria in T1DM and T2DM patients (52), 
and it was associated with the risk of DN. Icam-
1 might help physicians in the early diagnosis 
of DN (13). Both mRNA and protein levels of 
Icam1 were significantly increased in animal 
models of DN with T1DM and T2DM (16). The 
findings of the study demonstrated that both 
diabetic parents and their male pups had higher 
levels of Icam1 mRNA after diabetes induction, 
as compared to NDC groups. GABA may 
reduce Icam1 levels in the arteries and has anti-
inflammatory effects, according to the literature 
(53). The current findings also indicated that 
GABA administration might lower Icam1 
mRNA gene expression in both parents and 
their offspring, as compared to the D groups. 
 

CONCLUSION 
 

The results of the study showed that GABA 
could decrease the risk of DN in both diabetic 
parents and their offspring, and it could 
improve hyperglycemia and insulin resistance 
in both parents and their offspring via 

improving kidney function. According to the 
findings, maybe the kidney considers a new 
target of insulin action. 
 
Acknowledgements  

This study was financially supported by 
Isfahan University of Medical Sciences (Grant 
No. 198157). 
 
Conflict of interest statement  

All authors declared no conflict of interest in 
this study. 

 
Author’s contributions 

N. Soltani designed the study, wrote and 
approved the manuscript, and analyzed the data; 
H. Rezazadeh performed the experiments and 
wrote the manuscript; S. Maghareh-Dehkordi, 
M.V. Touliat, and A. Talebi performed the 
experiments. All authors read and approved the 
final version of the manuscript. 
 

REFERENCES 
 

1. Galicia-Garcia U, Benito-Vicente A, Jebari S, Larrea-
Sebal A, Siddiqi H, Uribe KB, et al. Pathophysiology of 
type 2 diabetes mellitus. Int J Mol Sci. 
2020;21(17):6275,1-34. 
DOI: 10.3390/ijms21176275. 

2. Amirsadri M, Torkpour E. Cost-effectiveness and cost-
utility analysis of type-2 diabetes screening in 
pharmacies in Iran. Res Pharm Sci. 2023;18(2):210-218. 
DOI: 10.4103/1735-5362.367799. 

3. Paneni F, Beckman JA, Creager MA, Cosentino F. 
Diabetes and vascular disease: pathophysiology, clinical 
consequences, and medical therapy: part I. Eur Heart J. 
2013;34(31):2436-2443. 
DOI: 10.1093/eurheartj/eht149. 

4. Rustaei Rad N, Movahedian A, Feizi A, Aminorroaya 
A, Aarabi MH. Antioxidant effects of astaxanthin and 
metformin combined therapy in type 2 diabetes mellitus 
patients: a randomized double-blind controlled clinical 
trial. Res Pharm Sci. 2022;17(2):219-230. 
DOI: 10.4103/1735-5362.335179. 

5. Selby NM, Taal MW. An updated overview of diabetic 
nephropathy: diagnosis, prognosis, treatment goals and 
latest guidelines. Diabetes Obes Metab. 2020;22(S1):3-
15. 
DOI: 10.1111/dom.14007. 

6. Gu YY, Lu FH, Huang XR, Zhang L, Mao W, Yu XQ, 
et al. Non-coding RNAs as biomarkers and therapeutic 
targets for diabetic kidney disease. Front Pharmacol. 
2021;11,1-15. 
DOI: 10.3389/fphar.2020.583528. 

7. Oguntibeju OO. Type 2 diabetes mellitus, oxidative 
stress and inflammation: examining the links. Int J 
Physiol Pathophysiol Pharmacol. 2019;11(3):45-63. 
PMID: 31333808. 



Rezazadeh et al. / RPS 2025; 20(4): 590-609 
 

608 

8. Miranda-Daz AG, Pazarn-Villaseor L, Yanowsky-
Escatell FG, Andrade-Sierra J. Oxidative stress in 
diabetic nephropathy with early chronic kidney 
disease. J Diabetes Res. 2016;2016:1-7. 
DOI: 10.1155/2016/7047238. 

9. Jha JC, Banal C, Chow BSM, Cooper ME, Jandeleit-
Dahm K. Diabetes and kidney disease: role of 
oxidative stress. Antioxid Redox Signal. 
2016;25(12):657-684. 
DOI: 10.1089/ars.2016.6664. 

10. Wang Z, Zhang J, Wang L, Li W, Chen L, Li J, et al. 
Glycine mitigates renal oxidative stress by suppressing 
Nox4 expression in rats with streptozotocin-induced 
diabetes. J Pharmacol Sci. 2018;137(4):387-394. 
DOI: 10.1016/j.jphs.2018.08.005. 

11. Uwaezuoke SN. The role of adhesion molecules in 
nephropathies: the diagnostic applications. Integr Mol 
Med. 2019;6(2):1-5. 
DOI: 10.15761/IMM.1000359. 

12. Elmarakby AA, Abdelsayed Ra. Inflammatory 
cytokines as predictive markers for early detection and 
progression of diabetic nephropathy. EPMA J. 
2010;1(1):117-129. 
DOI: 10.1007/s13167-010-0004-7. 

13. Liu L, He D, Fang L, Yan X. Association between 
E469K polymorphism in the ICAM1 gene and the risk 
of diabetic nephropathy: a meta-analysis. Lipids 
Health Dis. 2018;17(1):293,1-9. 
DOI: 10.1186/s12944-018-0922-2. 

14. Kim G, Chung MK, Pae EK. Insulin secretion by beta-
cell-like cells derived from pulp stem cells depends on 
augmented cytosolic zinc levels than GABA levels. 
Applied Sciences. 2020;10(21):7476,1-10. 
DOI: 10.3390/app10217476. 

15. Cao XX, Yang JK, Wang L. Association between 
intercellular adhesion molecule 1 (ICAM1) 
polymorphisms and diabetic foot susceptibility: a case-
control study. Medicine. 2020;99(11):e18052,1-6. 
DOI: 10.1097/MD.0000000000018052. 

16. Gu HF, Ma J, Gu KT, Brismar K. Association of 
intercellular adhesion molecule 1 (ICAM1) with 
diabetes and diabetic nephropathy. Front endocrinol. 
2013;3:179,1-7. 
DOI: 10.3389/fendo.2012.00179. 

17. Soltani N, Qiu H, Aleksic M, Glinka Y, Zhao F, Liu R, 
et al. GABA exerts protective and regenerative effects 
on islet beta cells and reverses diabetes. Proc Natl Acad 
Sci. 2011;108(28):11692-11697. 
DOI: 10.1073/pnas.1102715108. 

18. Kamran M, Bahrami A, Soltani N, Keshavarz M, Farsi 
L. GABA-induced vasorelaxation mediated by nitric 
oxide and GABAA receptor in non diabetic and 
streptozotocin-induced diabetic rat vessels. Gen 
Physiol Biophys. 2013;32(01):101-106. 
DOI: 10.4149/gpb_2013013. 

19. Kharazmi F, Soltani N, Rezaei S, Keshavarz M, Farsi 
L. Role of GABAB receptor and L-Arg in GABA-
induced vasorelaxation in non-diabetic and 
streptozotocin-induced diabetic rat vessels. Iran 
Biomed J. 2015;19(2):91-95. 
DOI: 10.6091/ibj.1461.2015. 

20. Sasaki S, Yokozawa T, Cho EJ, Oowada S, Kim M. 
Protective role of gamma-aminobutyric acid against 

chronic renal failure in rats. J Pharm Pharmacol. 
2010;58(11):1515-1525. 
DOI: 10.1211/jpp.58.11.0013. 

21. Hata T, Rehman F, Hori T, Nguyen JH. GABA, 
aminobutyric acid, protects against severe liver injury. 
J Surg Res. 2018;236(3):172-183. 
DOI: 10.1016/j.jss.2018.11.047. 

22. Rezazadeh H, Sharifi MR, Sharifi M, Soltani N. 
Gamma-aminobutyric acid attenuates insulin 
resistance in type 2 diabetic patients and reduces the 
risk of insulin resistance in their offspring. Biomed 
Pharmacother. 2021;138:111440,1-13. 
DOI: 10.1016/j.biopha.2021.111440. 

23. Kahraman S, Dirice E, De Jesus DF, Hu J, Kulkarni 
RN. Maternal insulin resistance and transient 
hyperglycemia impact the metabolic and endocrine 
phenotypes of offspring. Am J Physiol-Endocrinol 
Metab. 2014;307(10):E906-E918. 
DOI: 10.1152/ajpendo.00210.2014. 

24. Ryckman K, Spracklen C, Smith C, Robinson J, Saftlas 
A. Maternal lipid levels during pregnancy and 
gestational diabetes: a systematic review and meta‐
analysis. BJOG. 2015;122(5):643-651. 
DOI: 10.1111/1471-0528.13261. 

25. Schaefer-Graf UM, Graf K, Kulbacka I, Kjos SL, 
Dudenhausen J, Vetter K, et al. Maternal lipids as 
strong determinants of fetal environment and growth in 
pregnancies with gestational diabetes mellitus. 
Diabetes Care. 2008;31(9):1858-1863. 
DOI: 10.2337/dc08-0039. 

26. Sohrabipour S, Sharifi MR, Talebi A, Sharifi M, 
Soltani N. GABA dramatically improves glucose 
tolerance in streptozotocin-induced diabetic rats fed 
with high-fat diet. Eur J Pharmacol. 2018;826:75-84. 
DOI: 10.1016/j.ejphar.2018.01.047. 

27. Oh SS, Narver HL. Mouse and rat anesthesia and 
analgesia. Curr Protoc. 2024;4(2):e995,1-43. 
DOI: 10.1002/cpz1.995. 

28. Cuesta C, Fuentes-Calvo I, Sancho-Martinez SM, 
Valentijn FA, Düwel A, Hidalgo-Thomas OA, et al. 
Urinary KIM-1 correlates with the subclinical sequelae 
of tubular damage persisting after the apparent 
functional recovery from intrinsic acute kidney injury. 
Biomedicines. 2022;10(5):1106,1-14. 
DOI: 10.3390/biomedicines10051106. 

29. Li M, Wang W, Xue J, Gu Y, Lin S. Meta-analysis of 
the clinical value of Astragalus membranaceus in 
diabetic nephropathy. J Ethnopharmacol. 
2011;133(2):412-419. 
DOI: 10.1016/j.jep.2010.10.012. 

30. Naderpoor N, Lyons JG, Mousa A, Ranasinha S, de 
Courten MPJ, Soldatos G, et al. Higher glomerular 
filtration rate is related to insulin resistance but not to 
obesity in a predominantly obese non-diabetic cohort. 
Sci Rep. 2017;7(1):45522,1-9. 
DOI: 10.1038/srep45522. 

31. Kim YB, Kim WB, Jung WW, Jin X, Kim YS, Kim B, 
et al. Excitatory GABAergic action and increased 
vasopressin synthesis in hypothalamic magnocellular 
neurosecretory cells underlie the high plasma level of 
vasopressin in diabetic rats. Diabetes. 2018;67(3):486-
495. 
DOI: 10.2337/db17-1042. 



Beneficial effect of GABA on diabetic nephropathy 

609 

32. Zeng L, Yu Y, Cai X, Xie S, Chen J, Zhong L, et al. 
Differences in serum amino acid phenotypes among 
patients with diabetic nephropathy, hypertensive 
nephropathy, and chronic nephritis. Med Sci Monit. 
2019;25:7235-7242. 
DOI: 10.12659/MSM.915735. 

33. Hosseini Dastgerdi A, Sharifi M, Soltani N. GABA 
administration improves liver function and insulin 
resistance in offspring of type 2 diabetic rats. Sci Rep. 
2021;11(1):1-27. 
DOI: 10.1038/s41598-021-02324-w. 

34. Kanbay M, Ertuglu LA, Afsar B, Ozdogan E, 
Kucuksumer ZS, Ortiz A, et al. Renal hyperfiltration 
defined by high estimated glomerular filtration rate: a 
risk factor for cardiovascular disease and mortality. 
Diabetes, Obes Metab. 2019;21(11):2368-2383. 
DOI: 10.1111/dom.13831. 

35. Lovshin JA, Škrtić M, Bjornstad P, Moineddin R, 
Daneman D, Dunger D, et al. Hyperfiltration, urinary 
albumin excretion, and ambulatory blood pressure in 
adolescents with type 1 diabetes mellitus. Am J Physiol 
Renal Physiol. 2018;314(4):F667-F674. 
DOI: 10.1152/ajprenal.00400.2017. 

36. Chen Y, Liu P, Chen X, Li Y, Zhang F, Wang Y. 
Effects of different doses of Irbesartan combined               
with spironolactone on urinary albumin excretion rate 
in elderly patients with early type 2 diabetic 
nephropathy. Am J Med Sci. 2018;355(5):                            
418-424. 
DOI: 10.1016/j.amjms.2018.01.017. 

37. Takano K, Yatabe MS, Abe A, Suzuki Y, Sanada H, 
Watanabe T, et al. Characteristic expressions of 
GABA receptors and GABA producing/transporting 
molecules in rat kidney. PLoS ONE. 
2014;9(9):e105835,1-12. 
DOI: 10.1371/journal.pone.0105835. 

38. Lee YM, Choi JH, Min WK, Han JK, Oh JW. 
Induction of functional erythropoietin and 
erythropoietin receptor gene expression by gamma-
aminobutyric acid and piperine in kidney epithelial 
cells. Life Sci. 2018;215:207-215. 
DOI: 10.1016/j.lfs.2018.11.024. 

39. Kobuchi S, Tanaka R, Shintani T, Suzuki R, Tsutsui H, 
Ohkita M, et al. Mechanisms underlying the 
renoprotective effect of GABA against 
ischemia/reperfusion-induced renal injury in rats. J 
Pharmacol Exp Ther. 2011;338(3):767-774. 
DOI: 10.1124/jpet.111.180174. 

40. Huang HY, Hsu T, Lin BF. Gamma-aminobutyric acid 
decreases macrophages infiltration and suppresses 
inflammatory responses in renal injury. J Func Foods. 
2019;60:103419,1-10. 
DOI: 10.1016/j.jff.2019.103419. 

41. Kim HY, Yokozawa T, Nakagawa T, Sasaki S. 
Protective effect of gamma-aminobutyric acid against 
glycerol-induced acute renal failure in rats. Food Chem 
Toxicol. 2004;42(12):2009-2014. 
DOI: 10.1016/j.fct.2004.06.021. 

42. Chen CH, Chen CY, Yu MC, Fu JF, Hou YC, Wang 
IK, et al. Impact of kidney size on mortality in diabetic 

patients receiving peritoneal dialysis. Sci Rep. 
2021;11(1):8203,1-9. 
DOI: 10.1038/s41598-021-87684-z. 

43. Rigalleau V, Garcia M, Lasseur C, Laurent F, 
Montaudon M, Raffaitin C, et al. Large kidneys predict 
poor renal outcome in subjects with diabetes and 
chronic kidney disease. BMC Nephrol. 
2010;11(1):3,1-8. 
DOI: 10.1186/1471-2369-11-3. 

44. Forbes JM, Cooper ME. Mechanisms of diabetic 
complications. Physiol Rev. 2013;93(1):137-188. 
DOI: 10.1152/physrev.00045.2011. 

45. Tuttle KR, Bakris GL, Bilous RW, Chiang JL, de Boer 
IH, Goldstein-Fuchs J, et al. Diabetic kidney disease: a 
report from an ADA consensus conference. Diabetes 
Care. 2014;37(10):2864-2883. 
DOI: 10.2337/dc14-1296. 

46. Sedeek M, Callera G, Montezano A, Gutsol A, Heitz 
F, Szyndralewiez C, et al. Critical role of Nox4-based 
NADPH oxidase in glucose-induced oxidative stress in 
the kidney: implications in type 2 diabetic 
nephropathy. Am J Physiol-Renal Physiol. 
2010;299(6):F1348-F1358. 
DOI: 10.1152/ajprenal.00028.2010. 

47. Gorin Y, Block K. Nox4 and diabetic nephropathy: 
with a friend like this, who needs enemies? Free Radic 
Biol Med. 2013;61:130-142. 
DOI: 10.1016/j.freeradbiomed.2013.03.014. 

48. Jha JC, Gray SP, Barit D, Okabe J, El-Osta A, 
Namikoshi T, et al. Genetic targeting or pharmacologic 
inhibition of NADPH oxidase Nox4 provides 
renoprotection in long-term diabetic nephropathy. J 
Am Soc Nephrol. 2014;25(6):1237-1254. 
DOI: 10.1681/ASN.2013070810. 

49. Mead EL, Mosley A, Eaton S, Dobson L, Heales SJ, 
Pocock JM. Microglial neurotransmitter receptors 
trigger superoxide production in microglia; 
consequences for microglial-neuronal interactions. J 
Neurochem. 2012;121(2):287-301. 
DOI: 10.1111/j.1471-4159.2012.07659.x. 

50. Gao L, Zhao H, Zhu T, Liu Y, Hu L, Liu Z, et al. The 
regulatory effects of lateral hypothalamus area 
GABAB receptor on gastric ischemia-reperfusion 
injury in rats. Front Physiol. 2017;8:722,1-10. 
DOI: 10.3389/fphys.2017.00722. 

51. Siddiqui K, George TP, Nawaz SS, Joy SS. VCAM-1, 
ICAM-1 and selectins in gestational diabetes mellitus 
and the risk for vascular disorders. Future Cardiol. 
2019;15(5):339-346. 
DOI: 10.2217/fca-2018-0042. 

52. Zhang X, Seman NA, Falhammar H, Brismar K, Gu 
HF. Genetic and biological effects of ICAM-1 E469K 
polymorphism in diabetic kidney disease. J Diabetes 
Res. 2020;2020:1-7. 
DOI: 10.1155/2020/8305460. 

53. Son M, Oh S, Lee HS, Choi J, Lee BJ, Park JH, et al. 
Gamma-aminobutyric acid-salt attenuated high 
cholesterol/high salt diet induced hypertension in mice. 
Korean J Physiol Pharmacol. 2021;25(1):27-38. 
DOI: 10.4196/kjpp.2021.25.1.27.

 
 


