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Abstract

Background: Obesity and type 2 diabetes (T2D) are associated with nitric oxide (NO) deficiency. L-citrulline (Cit), a substrate

for NO synthesis, has been suggested as a treatment for obesity and T2D.

Objectives: This study aims to determine the effects of Cit on body weight, food intake, and water consumption in obese T2D

male and female rats.

Methods: The T2D was induced using a high-fat diet (HFD) and a low dose of streptozotocin (STZ). Obese male (n = 30) and

female (n = 30) rats with T2D were divided into five groups (n = 6/group) that received Cit (0, 1, 4, 7, and 10 g/L in drinking water

for 8 weeks). Body weight, food intake, and water consumption were measured every week. Serum Cit and nitrite+nitrate (NOx)

concentrations were measured at weeks 0, 4, and 8, and serum fasting glucose was measured at week 8.

Results: Compared to non-treated T2D rats, Cit-treated male rats had lower body weight (11.3%, 13.0%, and 11.6% at doses of 4, 7,

and 10 g/L), lower food intake (4.7% and 5.5% at doses of 4 and 7 g/L), and water consumption (7% at dose 7 g/L). In female rats, Cit

decreased body weight (7.2%, 8%, and 7.3% at doses of 4, 7, and 10 g/L), food intake (4.0% and 5.0% at doses of 4 and 7 g/L), and water

consumption (5% and 6.6% at doses of 4 and 7 g/L; all P < 0.001). The body weight and food intake-lowering effects of Cit were

higher in T2D male rats than females (all P < 0.05), but decreased water consumption was comparable between sexes. A Cit dose

of 7 g/L was most effective in reducing all measured parameters in both sexes.

Conclusions: The Cit decreased body weight, food intake, and water consumption in obese T2D male and female rats. These

effects were sex- and dose-dependent.
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1. Background

The worldwide prevalence of obesity was 14% in 2020

and is anticipated to rise to 24% by 2035, affecting nearly

2 billion adults and children (1). Obesity is a significant

risk factor for the progression of type 2 diabetes (T2D)

(2), with approximately 44% of obese people developing

T2D, and 80% of T2D patients being overweight or obese

(3, 4). Apart from semaglutide, which leads to

approximately 15% weight loss, other FDA-approved anti-

obesity medications like orlistat,

phentermine/topiramate, naltrexone/bupropion, and

liraglutide typically result in only 3 - 10% weight loss, and

these drugs have side effects such as the exacerbation of

anxiety or depression (5, 6). Therefore, further research

is necessary to identify more effective therapies for

obesity and T2D.

L-citrulline (Cit), an amino acid found in high

quantities in watermelon (7), is endogenously produced

by the nitric oxide (NO) synthase (NOS) enzyme, which

converts L-arginine (Arg) to NO and Cit (8). The NO

bioavailability is decreased in animal models of obesity

and diabetes (9, 10) and in humans with obesity (11) and

T2D (12). The Cit is a precursor for synthesizing Arg and
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NO, suggesting its potential to enhance NO production

in obesity and T2D (8). Administration of Cit at different

doses ranging from 39 to 1000 mg/kg/day for durations

of 4 (13), 8 (14), 9 (15, 16), 11 (15), and 12 (17) weeks

decreases body weight (13-17) and food intake (15) in

male rodents with obesity (15, 17) and T2D (13, 14).

To the best of our knowledge, studies investigating

the body weight-lowering effects of Cit have been

conducted in male rodents and have typically utilized a

single dose (13, 15-20). Notably, one study from our lab

has demonstrated the body weight-lowering effects of a

single dose of Cit in both male and female rats (14). The

effect of Cit in reducing fasting glucose, improving lipid

profile, and enhancing glucose tolerance is higher in

female rats with T2D than in male rats (14). In addition,

the anti-diabetic and anti-dyslipidemic effects of Cit are

dose-dependent in diabetic male rats (21).

2. Objectives

This study was designed to investigate the sex- and

dose-dependent effects of Cit on body weight, food

intake, and water consumption in rats with T2D.

3. Methods

3.1. Animals

This study used female (body weight = 170 - 180 g, 8-

week-old) and male (body weight = 190 - 210 g, 8-week-

old) Wistar rats. Rats were kept in a relatively constant

temperature (22 ± 2°C) with a 12-hour light-dark cycle

(lights on 07:00 - 19:00). They had unlimited access to

tap water and a regular diet and were housed two per

cage. All experiments were conducted in accordance

with the published guidelines for the care and use of

laboratory animals in Iran (22) and are reported

according to the ARRIVE guidelines (23). The Research

Institute for Endocrine Sciences Ethics Committee,

affiliated with Shahid Beheshti University of Medical

Sciences, confirmed and approved the proposal of the

current study (IR.SBMU.ENDOCRINE.REC.1402.074).

3.2. Induction of Type 2 Diabetes

The T2D was induced by combining a high-fat diet

(HFD) with a low dose of streptozotocin (STZ) (24). In

this T2D model, insulin resistance develops three weeks

after the consumption of an HFD, and following a low-

dose injection of STZ, partial destruction of β-cells

occurs (24). To prepare the 1000 g of HFD, the following

was mixed: 586 g of regular powdered diet, 310 g of

sheep butter as a source of fat, 73 g of casein as a source

of protein, 1.8 g of DL-methionine, 4.1 g of a vitamin mix,

and 25 g of a mineral mix. In the HFD, the total caloric

content was 4900 kcal/kg, with 58.8% from fat, 27.0%

from carbohydrates, and 14.2% from protein. In

comparison, the regular diet had 3160 kcal/kg, with 5.7%

from fat, 72.2% from carbohydrates, and 22.1% from

protein (25).

Rats were maintained on an HFD for three weeks, and

then STZ (30 mg/kg, dissolved in 0.1 mM citrate buffer,

pH 4.5) was injected intraperitoneally into 12-hour

fasted rats (fasting time 8:00 PM - 8:00 AM). One week

after the STZ injection, blood samples were collected

from the tip of the rat's tail under isoflurane anesthesia

to confirm T2D. Rats with fasting serum glucose levels

ranging from 150 to 350 mg/dL were classified as having

T2D; following randomization into the Cit-treated

groups, these rats were maintained on the HFD for the

duration of the study (24).

3.3. Study Design

Figure 1 illustrates the procedure of this

experimental study. A total of 104 rats, consisting of 54

females and 50 males, were included in this study. Based

on our prior experience, the achievement percentage of

T2D induction in our laboratory was approximately 60%

(26). Of the 54 female rats given the HFD and low-dose

STZ, 24 were excluded — 11 had fasting glucose levels

below 150 mg/dL, and 13 above 350 mg/dL. The

remaining 30 rats, with glucose levels between 150 and

350 mg/dL, were classified as diabetic. Of the 50 male

rats given the HFD and low-dose STZ, 20 were excluded —

11 had fasting glucose levels below 150 mg/dL, and 9

above 350 mg/dL. The remaining 30 rats, with glucose

levels between 150 and 350 mg/dL, were classified as

diabetic. Hence, the achievement percentage for T2D

induction was 56% in female and 60% in male rats.

After verifying the induction of the T2D model,

female and male T2D rats were randomly (Appendix 1 in

Supplementary File) divided into 5 groups (n = 6/group)

that received Cit at doses of 0, 1, 4, 7, and 10 g/L in

drinking water for 8 weeks, respectively. The rationale

behind selecting these doses was that Cit has been used

in doses ranging from 2.7 to 15 g/day (40 - 215 mg/kg/day
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Figure 1. The study design (abbreviations: Cit, L-citrulline; HFD, high-fat diet; NOx, nitrite+nitrate; STZ, streptozotocin; T2D, type 2 diabetes).

in a 70-kg human) in humans (8), and it has been

proposed that doses of 3 - 10 g/day (43 - 143 mg/kg/day in

a 70-kg human) are most effective for cardiometabolic

disorders (27). When translated to rats, the doses of 43 -

143 mg/kg/day in humans (rat dose = human dose/0.162)

(28), yielded doses of 265 and 882 mg/kg in rats,

respectively. Considering the initial body weight of

animals (~ 250 g) and the average value of water intake

in rats (30 mL/day) (29), doses of Cit that have been used

in this study (1, 4, 7, and 10 g/L in drinking water)

correspond to 120, 480, 840, and 1200 mg/kg, which

cover the intended doses.

Body weight (using Tefal scale; sensitivity 1 g), food

intake (using Perfect scale; sensitivity 1 g), and water

consumption (using a graduated cylinder) were

measured every week during the experimental period.

Mean food consumption (g/100 g body weight) and

water consumption (mL/100 g body weight) were

determined at 1-week intervals; the amount of food and

water consumed per cage was divided by the number of

rats housed in the cage (2 rats). The amount of food and

water consumed per cage during these time intervals

was calculated by subtracting the residual food and

water recovered from each cage from the total amount

of food (300 g) and water (1000 mL) presented.

Fasted (12 h) blood samples were collected from rats'

tails at weeks 0, 4, and 8 to measure serum Cit and

nitrite+nitrate (NOx) and fasting serum glucose at week

8. Blood samples were centrifuged using a refrigerated

centrifuge (Hettich Company, Tuttlingen, Germany) at

5,000 g for 10 minutes to separate sera. Serum glucose

(using the glucose oxidase method) was measured using

a commercially available kit (ParsAzmoon Company,

Tehran, Iran) by an autoanalyzer (Selectra E, serial

number 0-2124, Netherlands). Intra- and inter-assay CVs

were 2.3% and 2.0%, respectively. At the end of the study

(at week 8), rats were anesthetized using sodium

pentobarbital (60 mg/kg) and euthanized by

exsanguination through left ventricular cardiac

puncture.

3.4. Measurement of L-Citrulline

The Cit concentration was measured using a

colorimetric method (30). To eliminate urea

interference, 200 μL of urease solution (6 U) was added

to 200 μL of serum and incubated for 60 minutes at

https://brieflands.com/articles/ijem-162367
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37°C. Then, 60 μL of treated serum was mixed with 200

μL of coloring solution; the coloring solution was 1 part

of solution A [diacetyl monoxime (DAMO), 80 mM and

thiosemicarbazide (TSC) 2 mM] and 3 parts of solution B

[phosphoric acid, 17%, sulfuric acid, 34%, and iron (Ш)

chloride (FeCl3), 1.5 mM]. After 15 minutes of incubation

at 95°C and 10 minutes at room temperature,

absorbance was measured at 540 nm using an ELISA

reader (BioTek, Power wave XS2, USA). The Cit levels were

calculated using a 0 - 200 μmol/L Cit standard curve

(Appendix 2 in Supplementary File). Intra- and inter-

assay CVs were 3.8% and 4.4%, respectively.

3.5. Measurement of Nitrite+Nitrate

Serum NOx levels were measured using a modified

Griess method (31). Samples were deproteinized with

zinc sulfate (15 mg/mL) (32), and NaOH (3.72 M) (33) was

added to decrease the turbidity of the samples, then

centrifuged (10 minutes, 10,000 g). Supernatant (100 μL)

was mixed with vanadium (III) chloride (100 μL, 8

mg/mL), sulfanilamide (50 μL, 2% in 5% HCl), and N-(1-

Naphtyl) ethylenediamine dihydrochloride (NEDD) (50

μL, 0.1% in ddH2O). After 30 minutes of incubation at

37°C, absorbance was read at 540 nm using an ELISA. The

NOx concentrations were calculated using a 0 - 100

μmol/L sodium nitrate standard curve. Intra- and inter-

assay CVs were 2.3% and 3.4%, respectively.

3.6. Statistical Analyses

Statistical analyses were performed using GraphPad

Prism software version 8.00 (GraphPad Software, La

Jolla, California USA, www.Graphpad.com). Data are

reported as mean ± standard error of the mean (SEM).

Two-way mixed (between-within) analysis of variance

(ANOVA) followed by the Bonferroni post-hoc test was

used to analyze data on body weight, food intake, and

water consumption, as well as serum levels of Cit and

NOx over time for either sex. One-way ANOVA followed

by the Bonferroni post-hoc test was used in either sex for

comparing the area under the curves (AUCs) of body

weight, food intake, water consumption, serum levels of

Cit and NOx over 8 weeks of intervention, as well as

serum glucose at the end of the study. The student’s t-

test was used to compare the percentage of body

weight, food intake, water consumption, and serum

levels of Cit and NOx changes between males and

females. Two-sided P < 0.05 was considered statistically

significant.

4. Results

4.1. Effect of L-Citrulline on Serum Glucose, L-Citrulline, and
Nitrite+Nitrate in Male Rats

Compared with non-treated T2D male rats (233.0 ± 1.9

mg/dL), Cit-treated T2D male rats had lower fasting

glucose at the end of the study at Cit doses of 4 (206.8 ±

1.8 mg/dL), 7 (207.5 ± 0.9 mg/dL), and 10 (210.0 ± 0.8

mg/dL) g/L, respectively (all P < 0.001). As shown in

Figure 2A, compared to non-treated T2D male rats (64.1 ±

3.4 µmol/L), Cit-treated T2D male rats had higher serum

Cit levels at doses of 4 (120.2 ± 2.6 µmol/L), 7 (128.7 ± 2.9

µmol/L), and 10 g/L (143.2 ± 1.5 µmol/L) Cit, at week 4 (all P

< 0.001). A similar pattern of increases in serum Cit

levels was observed at doses of 4 (136.6 ± 5.7 µmol/L), 7

(158.9 ± 2.9 µmol/L), and 10 g/L (177.2 ± 0.9 µmol/L) Cit,

compared to non-treated (67.7 ± 4.2 µmol/L) T2D male

rats, at the end of the study (week 8) (all P < 0.001). The

AUCs showed that Cit-treated T2D male rats, compared

with non-treated T2D male ones, had higher Cit levels at

doses of 4 (71%), 7 (86%), and 10 g/L (96%) Cit over the 8-

week intervention (all P < 0.001).

Compared to non-treated (54.5 ± 0.4 µmol/L) T2D

male rats, Cit administration significantly increased

serum NOx levels in Cit-treated T2D male rats at doses of

4 (63.0 ± 0.9 µmol/L), 7 (63.5 ± 0.8 µmol/L), and 10 g/L

(64.2 ± 0.6 µmol/L) Cit, at week 4 (all P < 0.001). The Cit

administration increased serum NOx levels at doses of 4

(74.5 ± 0.8 µmol/L), 7 (75.8 ± 0.7 µmol/L), and 10 g/L (78.2 ±

0.5 µmol/L) Cit, compared to non-treated (55.3 ± 0.3

µmol/L) T2D male rats, at the end of the study (week 8;

all P < 0.001, Figure 2C). The AUCs showed that Cit-

treated T2D male rats compared with non-treated T2D

male ones had higher NOx levels at doses of 4 (19%), 7

(19%), and 10 g/L (21%) Cit over the 8-week intervention

(all P < 0.001). The Cit administration at a dose of 1 g/L

did not affect fasting glucose, Cit, and NOx levels in T2D

male rats.

4.2. Effect of L-Citrulline on Body Weight, Food Intake, and
Water Consumption in Male Rats

As shown in Figure 3A, compared to non-treated T2D

male rats, Cit-treated T2D male rats displayed a decrease

in body weight from week 2 at doses of 7 and 10 g/L and

https://brieflands.com/articles/ijem-162367
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Figure 2. Effect of different doses of L-citrulline (Cit) on A and B, the serum Cit and nitrite+nitrate (NOx, C and D) levels in male and female rats with type 2 diabetes [T2D; values
are mean ± standard error of the mean (SEM); n = 6/group; a, statistically significant difference in comparison to the dose of 0 g/L Cit; abbreviation: AUC, area under the curve].

from week 3 at a dose of 4 g/L. The AUCs showed that Cit-

treated T2D male rats, compared with non-treated T2D

male ones, had lower body weights of 11.3%, 13.0%, and

11.6% at Cit doses of 4, 7, and 10 g/L, respectively (all P <

0.001) over the 8-week intervention.

Compared to non-treated T2D male rats, decreased

food intake began at week 4 at doses of 4 and 7 g/L and at

week 8 at a dose of 10 g/L of Cit (Figure 3B). The AUCs

showed that Cit-treated T2D male rats, compared with

non-treated T2D male ones, had lower food intake at

doses of 4 (4.7%) and 7 g/L (5.5%) Cit (all P < 0.001).

Compared to non-treated T2D male rats, decreased

water consumption began at week 6 at doses of 7 g/L of

Cit (all P < 0.001). The Cit-treated T2D male rats,

https://brieflands.com/articles/ijem-162367
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Figure 3. Effect of different doses of L-citrulline (Cit) on A, body weight; B, food intake; and C, water consumption in male rats with type 2 diabetes [T2D; values are mean ±
standard error of the mean (SEM); n = 6/group; a, statistically significant difference in comparison to the doses of 0 g/L Cit; abbreviation: AUC, area under the curve].

compared with non-treated T2D male ones, had lower

water consumption of 7.0% at Cit doses of 7 g/L (as

measured from AUCs; Figure 3C).

The Cit administration at a dose of 1 g/L did not affect

body weight and food intake, and at doses of 1, 4, and 10

g/L did not affect water consumption in T2D male rats.

In addition, the most significant effect of Cit in

decreasing body weight, food intake, and water

consumption was seen at a dose of 7 g/L Cit (all P < 0.001;

Figure 4A, C, and E).

4.3. Effect of L-Citrulline on Serum Glucose, L-Citrulline, and
Nitrite+Nitrate Levels in Female Rats

Compared with non-treated T2D female rats (208.3 ±

2.1 mg/dL), Cit-treated T2D female rats had lower fasting

glucose at the end of the study (week 8) at Cit doses of 4

(153.7 ± 0.9 mg/dL), 7 (154.7 ± 1.1 mg/dL), and 10 (155.7 ± 0.7

mg/dL) g/L, respectively (all P < 0.001).

As shown in Figure 2B, compared to non-treated (83.6

± 3.5 µmol/L) T2D female rats, Cit-treated T2D female rats

had higher serum Cit levels at doses of 4 (149.5 ± 4.8

https://brieflands.com/articles/ijem-162367


Bagheripour F et al. Brieflands

Int J Endocrinol Metab. 2025; 23(3): e162367 7

Figure 4. Dose-dependent effect of L-citrulline (Cit) on A and B, body weight; C and D, food intake; and E and F, water consumption at the end of the study (week 8) in male and
female rats with type 2 diabetes [T2D; values are mean ± standard error of the mean (SEM); n = 6/group; a, b, c, and d, statistically significant differences in comparison to the
doses of 0, 1, 4, and 10 g/L Cit, respectively].

µmol/L), 7 (164.3 ± 3.8 µmol/L), and 10 g/L (174.8 ± 3.2

µmol/L) Cit, at week 4 (all P < 0.001). A similar pattern of

increase in serum Cit levels was observed at doses of 4

(177.8 ± 3.9 µmol/L), 7 (192.8 ± 3.2 µmol/L), and 10 g/L

(202.9 ± 1.4 µmol/L) Cit, compared to non-treated (82.4 ±

2.8 µmol/L) T2D female rats, at the end of the study

(week 8, all P < 0.001). The AUCs showed that Cit-treated

T2D female rats, compared with non-treated T2D female

ones, had higher Cit levels at doses of 4 (68%), 7 (82%),

and 10 g/L (91%) Cit (all P < 0.001).

Compared to non-treated (59.5 ± 1.9 µmol/L) T2D

female rats, Cit administration significantly increased

https://brieflands.com/articles/ijem-162367
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Figure 5. Effect of different doses of L-citrulline (Cit) on A, body weight; B, food intake; and C, water consumption in female rats with type 2 diabetes [T2D; values are mean ±
standard error of the mean (SEM); n = 6/group; a, statistically significant difference in comparison to the doses of 0 g/L Cit; abbreviation: AUC, area under the curve].

serum NOx levels in Cit-treated T2D female rats at doses

of 4 (76.0 ± 0.5 µmol/L), 7 (76.5 ± 0.4 µmol/L), and 10 g/L

(77.3 ± 0.7 µmol/L) Cit, at week 4 (all P < 0.001). The Cit

administration increased serum NOx levels at doses of 4

(83.7 ± 0.4 µmol/L), 7 (87.3 ± 0.3 µmol/L), and 10 g/L (87.2 ±

0.6 µmol/L), compared to non-treated T2D female rats

(61.0 ± 1.9 µmol/L), at the end of the study (week 8; all P <

0.001, Figure 2D). The AUCs showed that Cit-treated T2D

female rats compared with non-treated T2D female ones

had higher NOx levels at doses of 4 (21%), 7 (22%), and 10

g/L (23%) Cit (all P < 0.001). The Cit administration at a

https://brieflands.com/articles/ijem-162367
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Figure 6. Sex difference in the effects of different doses of L-citrulline (Cit) on A, body weight; B, food intake; and C, water consumption in rats with T2D (Abbreviations: AUC, area
under the curve; T2D, type 2 diabetes).

dose of 1 g/L did not affect fasting glucose, Cit, and NOx

levels in T2D female rats.

4.4. Effect of L-Citrulline on Body Weight, Food Intake, and
Water Consumption in Female Rats

As shown in Figure 5A, compared to non-treated T2D

female rats, Cit-treated T2D female rats displayed a

decrease in body weight from week 2 at doses of 4, 7, and

10 g/L Cit. The Cit-treated T2D female rats, compared

with non-treated T2D female ones, had lower body

weights of 7.2%, 8%, and 7.3% at Cit doses of 4, 7, and 10

g/L, respectively (all P < 0.001) over the 8-week

intervention (as measured from AUCs).

Compared to non-treated T2D female rats, decreased

food intake began at week 2 at doses of 4 and 7 g/L and at

week 8 at a dose of 10 g/L (Figure 5B) of Cit. The AUCs

showed that Cit-treated T2D female rats, compared with

non-treated T2D female ones, had lower food intake at

doses of 4 (4.0%) and 7 g/L (5.0%) Cit (all P < 0.001).

Compared to non-treated T2D female rats, decreased

water consumption began at week 7 at a dose of 4 g/L

and at week 6 at a dose of 7 g/L (Figure 5C) of Cit. The

AUCs showed that Cit-treated T2D female rats, compared

with non-treated T2D female ones, had lower water

consumption at doses of 4 (5.0%) and 7 g/L (6.6%) Cit (all

P < 0.001).

The Cit administration at a dose of 1 g/L did not affect

body weight and food intake, and at doses of 1 and 10 g/L

did not affect water consumption in T2D female rats. In

addition, the greatest effect of Cit in decreasing body

weight and water consumption was seen at a dose of 7

g/L Cit (all P < 0.001, Figure 4B - F).

4.5. Sex-Dependent Effect of L-Citrulline

As shown in Figure 6A, the body weight-lowering

effects of Cit were higher in male than female rats at

doses of 4 (11.3% vs. 7.2%, P = 0.011), 7 (13.0% vs. 8%, P =

0.008), and 10 (11.6% vs. 7.3%, P = 0.001) g/L. Cit at a dose

of 7 g/L (6.3% vs. 4.5%, P = 0.045) was more effective in

decreasing food intake in male compared to female rats

(Figure 6B). The effect of Cit on water consumption was

not sex-dependent (Figure 6C). Increasing Cit levels in

T2D rats following Cit administration at doses of 4 (71%

vs. 68%), 7 (86% vs. 82%), and 10 (96% vs. 91%) g/L were

comparable between male and female. The effect of Cit

on increasing serum NOx at doses of 4 (19% vs. 21%), 7 (19%

vs. 22%), and 10 (21% vs. 23%) g/L in T2D rats was

comparable between male and female.

5. Discussion

The findings of this study showed that Cit reduces

body weight, food intake, and water consumption in

both male and female rats with T2D. These effects were

sex-dependent (male > female; except for Cit effects on

water consumption) and dose-dependent (best dose = 7

g/L). In our study, as expected, and as has been

previously reported (13, 14, 34), Cit increased serum Cit

and NOx concentrations in T2D rats. These findings

indicate the effectiveness of our intervention.

Our results on the body weight and food intake-

lowering effects of Cit in male rats are in line with

https://brieflands.com/articles/ijem-162367
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Table 1. Summary of Animal Studies that Assessed Effects of L-Citrulline on Body Weight, Water Consumption, and Food Intake

Studies Animal Model Sex Age
(wk)

Intervention Route
Dose of

Cit
(mg/kg)

Duration
(wk)

Body
Weight

Water
Consumption

Food
Intake

Serum
Cit

Serum
NOx

Poduri et al.
( 17) Mouse LDL receptor deficient Male 6 Watermelon

Drinking
water 39 - 58 12 ↓ (9%) ↔ ↔ ↑ (43%) NR

Capel et al.
( 18)

Mouse Obese Male 5 Cit
Drinking

water
2500 3 ↔ NR ↔ ↑ (71%) NR

Eshreif et al.
( 19)

Mouse Obese Male 10 Cit Drinking
water

150 15 ↔ NR ↔ NR NR

Kudo et al.
( 15) Mouse Obese+hyperglycemia Male 6 Cit

Drinking
water

1000 9 ↓ (17%) NR
↓

(16%)
NR NR

Kudo et al.
( 15)

Rat Obese Male 5 Cit Drinking
water

500 11 ↓ (9%) NR ↓ (11%) NR NR

Wu et al. ( 13) Rat T2D+obese Male 8 Watermelon Drinking
water

600 4 ↓ (%3) ↔ ↔
↑

(141%)
↑ (41%)

Yoshitomi et
al. ( 20) Rat Obese Male 5 Cit

Drinking
water 2000 8 ↔ NR ↔ NR NR

Kudo et al.
( 16)

Rat
Nonalcoholic fatty

liver disease
Male 6 Cit Gavage 500 9 ↓ (7%) NR ↔ NR NR

Bagheripour
et al. ( 14) Rat T2D+obese

Male
and

female
8 Cit

Drinking
water 700 8

↓ (10%
male

and 7%
female)

NR NR

↑ (71%
male
and
68%

female)

↑ (18%
male
and
23%

female)

Abbreviations: Cit, L-citrulline; NOx, nitrite+nitrate; LDL, low-density lipoprotein; NR, not reported; T2D, type 2 diabetes.

previous studies in rodents (13-17), as summarized in

Table 1. The Cit has been dosed in the range of 39 to 2000

mg/kg/day over a duration of 3 to 15 weeks (13-20). In our

study, the doses of Cit that rats finally used according to

their water consumption (170, 700, 1225, and 1750

mg/kg/day) and intervention period (8 weeks) are

within these ranges. In addition, our results extrapolate

previous findings by demonstrating a dose-dependent

effect of Cit in decreasing body weight, food intake, and

water consumption in T2D male rats.

The Cit is safe and well-tolerated at doses up to 15

g/day in humans (35) and 5.7 g/kg in animals (36).

However, its high doses (15 g/day for 2 weeks) may be

associated with side effects, including nausea, headache,

lightheadedness, and diarrhea (37). In addition, Cit may

interact with antihypertensive and antidiabetic drugs;

for instance, metformin lowers plasma Cit levels in both

diabetic patients and mice (38, 39).

In our study, Cit decreased food intake in female rats

with T2D in a dose-dependent and sex-dependent

manner. This finding is similar to that of Kudo et al. in

obese male Sprague-Dawley rats and obese male kk-Ay

mice (15). The Cit increases the expression of

proopiomelanocortin (POMC), a peptide that suppresses

food intake in the hypothalamus, thereby reducing food

intake (15). In addition, Cit can enter the Cit-Arg cycle

and increase NO production (8). In line with this notion,

our observations revealed increased serum NOx levels in

response to Cit treatment. Additionally, Arg, the

precursor of NO, decreases appetitive behaviors,

including sniffing and approaching food, and reduces

the number of feeding bouts in rats (40).

We also showed that the food intake-lowering effects

of Cit are dose-dependent, with a Cit dose of 1225 mg/kg

having the greatest effect. Similarly, it has been shown

that the improving effect of Cit on the lipid profile in

T2D rats is dose-dependent, with the best response

obtained at 400 mg/kg (21). In the current study, the

effect of Cit in decreasing food intake was higher in

male than female rats. Female rats have higher serum

ghrelin than males (41). The stimulatory effect of ghrelin

on food intake in rats is NO-dependent (42), and serum

NOx is higher in T2D female rats compared to male ones

(14). Thus, sex-dependent effects of Cit on food intake

may be related to differences in Cit-induced NO

production that affects ghrelin levels. However, unlike

our results, the effect of Cit on metabolic parameters is

higher in females (14).

In the current study, Cit decreased body weight in

T2D female rats in a dose-dependent and sex-dependent

manner. Body weight-lowering effects of Cit have been

previously reported in male rodents (13-17) and can be
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attributed to Cit-induced decreased food intake. Besides

Cit, other NO donors, such as inorganic nitrate, have

been shown in a meta-analysis to help reduce body

weight (43). Mechanisms underlying the body weight-

lowering effects of Cit in female rats include decreased

white adipose tissue (WAT), increased brown adipose

tissue (BAT) (14), increased lipolysis (44), increased fatty

acid β-oxidation (45), and oxidative phosphorylation

uncoupling (46).

In our study, the effect of Cit in lowering body weight

was dose-dependent, with 1225 mg/kg having the most

pronounced effect. Similarly, the improving effect of Cit

on the lipid profile in T2D male rats has been reported to

be dose-dependent, with the best response obtained at

400 mg/kg (21). In the current study, the effect of Cit in

lowering body weight was higher in males than in

females. Male mice have greater lean body mass and lose

more weight and lean body mass in response to dietary

restraint than females; likely, part of this additional

reserve is more easily used during food restriction

without compromising important physiological

functions (47).

The present study demonstrated that Cit causes a

dose-dependent reduction in water consumption in T2D

rats. We did not find a study to address the effect of Cit

on water consumption in T2D. In STZ-induced type 1

diabetic mice, administration of Cit (50 mg/kg/day for 2

weeks) in drinking water decreased water consumption

without affecting blood glucose levels compared to

untreated diabetic mice (48). A likely explanation for

reducing water consumption by Cit includes an NO-

dependent increase in renal water reabsorption, as it

has been reported that Cit restores NO bioavailability in

hypertensive rats (49, 50).

In the current study, Cit at its most effective dose (7

g/L) reduced body weight by 13% in males and 8% in

females. This finding has significant implications, as the

global rise in obesity represents a serious public health

concern, with projections indicating that by 2035, 23% of

men and 27% of women worldwide will be living with

obesity (1). Most FDA-approved anti-obesity drugs often

result in ≤ 10% weight loss and have side effects (5).

Therefore, Cit, a non-essential amino acid and a natural

compound found in the diet (e.g., watermelon), may

serve as a promising alternative to traditional weight-

loss medications. However, well-designed clinical trials

in humans are needed to confirm its efficacy.

As strengths, our study included both sexes.

Approximately only 10% of animal studies in

endocrinology involve both male and female subjects,

while the majority (66%) exclusively use male animals

(51). Additionally, our T2D model (i.e., HFD + low-dose of

STZ) imitates the pathophysiology of T2D in humans

(24).

As a limitation, we did not assess the underlying

mechanisms by which Cit decreases body weight, food

intake, and water consumption, including possible

changes in leptin and ghrelin as key regulators of

feeding and long-term energy homeostasis (52).

5.1. Conclusions

The findings of this study showed that Cit decreases

body weight, food intake, and water consumption in a

sex-dependent (except for water consumption) and

dose-dependent manner in obese T2D rats.

Supplementary Material

Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal
website and open PDF/HTML].

Footnotes

Authors' Contribution: F. B: Writing original draft,

formal analysis, data curation, and conceptualization; S.

J: Writing original draft, formal analysis, and data

curation; A. G.: Writing review and editing, writing

original draft, validation, supervision, and

conceptualization.

Conflict of Interests Statement: The authors declare

no conflict of interest.

Data Availability: The data presented in the study is

available on request from the corresponding author

during submission or after publication.

Ethical Approval: The care and use of rats were

confirmed by the Ethics Committee of the RIES of

Shahid Beheshti University of Medical Sciences

(IR.SBMU.ENDOCRINE.REC.1402.074 ).

Funding/Support: This study was supported by a

grant from the Research Institute for Endocrine

https://brieflands.com/articles/ijem-162367
https://ijem.brieflands.com/cdn/dl/3b52aef0-ada6-11f0-9133-8f49d7e6b25b
https://ethics.research.ac.ir/ProposalCertificateEn.php?id=406968


Bagheripour F et al. Brieflands

12 Int J Endocrinol Metab. 2025; 23(3): e162367

Sciences, Shahid Beheshti University of Medical

Sciences, Tehran, Iran (grant number: 43005696-4).

References

1. World Obesity Federation. The Economic Impact of Overweight &

Obesity in 2020 and 2060 – 2nd Edition with Estimates for 161 Countries.

London, UK: World Obesity Federation; 2023. Available from:

https://data.worldobesity.org/publications/?cat=19.

2. World Health Organization. Obesity and overweight. Geneva,

Switzerland: World Health Organization; 2021. Available from:

https://www.who.int/news%E2%80%91room/fact%E2%80%91sheets/deta

il/obesity-and-overweight.

3. Jin X, Qiu T, Li L, Yu R, Chen X, Li C, et al. Pathophysiology of obesity

and its associated diseases. Acta Pharm Sin B. 2023;13(6):2403-24.

[PubMed ID: 37425065]. [PubMed Central ID: PMC10326265].

https://doi.org/10.1016/j.apsb.2023.01.012.

4. Leitner DR, Fruhbeck G, Yumuk V, Schindler K, Micic D, Woodward E,

et al. Obesity and Type 2 Diabetes: Two Diseases with a Need for

Combined Treatment Strategies - EASO Can Lead the Way. Obes Facts.

2017;10(5):483-92. [PubMed ID: 29020674]. [PubMed Central ID:

PMC5741209]. https://doi.org/10.1159/000480525.

5. Hope DCD, Tan TMM, Bloom SR. No Guts, No Loss: Toward the Ideal

Treatment for Obesity in the Twenty-First Century. Front Endocrinol.

2018;9:442. [PubMed ID: 30158899]. [PubMed Central ID:

PMC6104129]. https://doi.org/10.3389/fendo.2018.00442.

6. Enright C, Thomas E, Saxon DR. An Updated Approach to Antiobesity

Pharmacotherapy: Moving Beyond the 5% Weight Loss Goal. J Endocr

Soc. 2023;7(3):bvac195. [PubMed ID: 36686585]. [PubMed Central ID:

PMC9847544]. https://doi.org/10.1210/jendso/bvac195.

7. Bahri S, Zerrouk N, Aussel C, Moinard C, Crenn P, Curis E, et al.

Citrulline: from metabolism to therapeutic use. Nutrition.

2013;29(3):479-84. [PubMed ID: 23022123].

https://doi.org/10.1016/j.nut.2012.07.002.

8. Bagheripour F, Jeddi S, Kashfi K, Ghasemi A. Metabolic effects of L-

citrulline in type 2 diabetes. Acta Physiol. 2023;237(3). e13937. [PubMed

ID: 36645144]. https://doi.org/10.1111/apha.13937.

9. Bender SB, Herrick EK, Lott ND, Klabunde RE. Diet-induced obesity

and diabetes reduce coronary responses to nitric oxide due to

reduced bioavailability in isolated mouse hearts. Diabetes Obes

Metab. 2007;9(5):688-96. [PubMed ID: 17697061].

https://doi.org/10.1111/j.1463-1326.2006.00650.x.

10. Kim F, Pham M, Maloney E, Rizzo NO, Morton GJ, Wisse BE, et al.

Vascular inflammation, insulin resistance, and reduced nitric oxide

production precede the onset of peripheral insulin resistance.

Arterioscler Thromb Vasc Biol. 2008;28(11):1982-8. [PubMed ID:

18772497]. [PubMed Central ID: PMC2577575].

https://doi.org/10.1161/ATVBAHA.108.169722.

11. Gruber HJ, Mayer C, Mangge H, Fauler G, Grandits N, Wilders-

Truschnig M. Obesity reduces the bioavailability of nitric oxide in

juveniles. Int J Obes. 2008;32(5):826-31. [PubMed ID: 18197180].

https://doi.org/10.1038/sj.ijo.0803795.

12. Bahadoran Z, Mirmiran P, Kashfi K, Ghasemi A. Vascular nitric oxide

resistance in type 2 diabetes. Cell Death Dis. 2023;14(7):410. [PubMed

ID: 37433795]. [PubMed Central ID: PMC10336063].

https://doi.org/10.1038/s41419-023-05935-5.

13. Wu G, Collins JK, Perkins-Veazie P, Siddiq M, Dolan KD, Kelly KA, et al.

Dietary supplementation with watermelon pomace juice enhances

arginine availability and ameliorates the metabolic syndrome in

Zucker diabetic fatty rats. J Nutr. 2007;137(12):2680-5. [PubMed ID:

18029483]. https://doi.org/10.1093/jn/137.12.2680.

14. Bagheripour F, Jeddi S, Kashfi K, Ghasemi A. Anti-obesity and anti-

diabetic effects of L-citrulline are sex-dependent. Life Sci.

2024;339:122432. [PubMed ID: 38237764].

https://doi.org/10.1016/j.lfs.2024.122432.

15. Kudo M, Yoshitomi H, Momoo M, Suguro S, Yamagishi Y, Gao M.

Evaluation of the Effects and Mechanism of L-Citrulline on Anti-

obesity by Appetite Suppression in Obese/Diabetic KK-Ay Mice and

High-Fat Diet Fed SD Rats. Biol Pharm Bull. 2017;40(4):524-30. [PubMed

ID: 28381807]. https://doi.org/10.1248/bpb.b16-01002.

16. Kudo M, Yamagishi Y, Suguro S, Nishihara M, Yoshitomi H, Hayashi M,

et al. L-citrulline inhibits body weight gain and hepatic fat

accumulation by improving lipid metabolism in a rat nonalcoholic

fatty liver disease model. Food Sci Nutr. 2021;9(9):4893-904. [PubMed

ID: 34532001]. [PubMed Central ID: PMC8441368].

https://doi.org/10.1002/fsn3.2439.

17. Poduri A, Rateri DL, Saha SK, Saha S, Daugherty A. Citrullus lanatus

'sentinel' (watermelon) extract reduces atherosclerosis in LDL

receptor-deficient mice. J Nutr Biochem. 2013;24(5):882-6. [PubMed ID:

22902326]. [PubMed Central ID: PMC3504646].

https://doi.org/10.1016/j.jnutbio.2012.05.011.

18. Capel F, Chabrier G, Pitois E, Rigaudiere JP, Le Plenier S, Durand C, et

al. Combining citrulline with atorvastatin preserves glucose

homeostasis in a murine model of diet-induced obesity. Br J

Pharmacol. 2015;172(20):4996-5008. [PubMed ID: 26228176]. [PubMed

Central ID: PMC4621993]. https://doi.org/10.1111/bph.13269.

19. Eshreif A, Al Batran R, Jamieson KL, Darwesh AM, Gopal K, Greenwell

AA, et al. l-Citrulline supplementation improves glucose and exercise

tolerance in obese male mice. Exp Physiol. 2020;105(2):270-81.

[PubMed ID: 31802553]. https://doi.org/10.1113/EP088109.

20. Yoshitomi H, Momoo M, Ma X, Huang Y, Suguro S, Yamagishi Y, et al. L-

Citrulline increases hepatic sensitivity to insulin by reducing the

phosphorylation of serine 1101 in insulin receptor substrate-1. BMC

Complement Altern Med. 2015;15:188. [PubMed ID: 26084330]. [PubMed

Central ID: PMC4472399]. https://doi.org/10.1186/s12906-015-0706-4.

21. Danboyi T, Alhassan A, Jimoh A, Hassan-Danboyi E. Effect of L-

citrulline supplementation on blood glucose level and lipid profile

in high-fat diet - and dexamethasone-induced type-2 diabetes in male

wistar rats. Nigerian J Exp Clin Biosci. 2020;8(2).

https://doi.org/10.4103/njecp.njecp_23_20.

22. Ahmadi-Noorbakhsh S, Mirabzadeh Ardakani E, Sadighi J, Aldavood

SJ, Farajli Abbasi M, Farzad-Mohajeri S, et al. Guideline for the Care

and Use of Laboratory Animals in Iran. Lab Anim. 2021;50(11):303-5.

[PubMed ID: 34621075]. https://doi.org/10.1038/s41684-021-00871-3.

23. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al.

The ARRIVE guidelines 2.0: Updated guidelines for reporting animal

research. Br J Pharmacol. 2020;177(16):3617-24. [PubMed ID: 32662519].

[PubMed Central ID: PMC7393194]. https://doi.org/10.1111/bph.15193.

24. Ghasemi A, Jeddi S. Streptozotocin as a tool for induction of rat

models of diabetes: a practical guide. EXCLI J. 2023;22:274-94.

[PubMed ID: 36998708]. [PubMed Central ID: PMC10043433].

https://doi.org/10.17179/excli2022-5720.

https://brieflands.com/articles/ijem-162367
https://data.worldobesity.org/publications/?cat=19
https://www.who.int/news%E2%80%91room/fact%E2%80%91sheets/detail/obesity-and-overweight
https://www.who.int/news%E2%80%91room/fact%E2%80%91sheets/detail/obesity-and-overweight
http://www.ncbi.nlm.nih.gov/pubmed/37425065
https://www.ncbi.nlm.nih.gov/pmc/PMC10326265
https://doi.org/10.1016/j.apsb.2023.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29020674
https://www.ncbi.nlm.nih.gov/pmc/PMC5741209
https://doi.org/10.1159/000480525
http://www.ncbi.nlm.nih.gov/pubmed/30158899
https://www.ncbi.nlm.nih.gov/pmc/PMC6104129
https://doi.org/10.3389/fendo.2018.00442
http://www.ncbi.nlm.nih.gov/pubmed/36686585
https://www.ncbi.nlm.nih.gov/pmc/PMC9847544
https://doi.org/10.1210/jendso/bvac195
http://www.ncbi.nlm.nih.gov/pubmed/23022123
https://doi.org/10.1016/j.nut.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/36645144
https://doi.org/10.1111/apha.13937
http://www.ncbi.nlm.nih.gov/pubmed/17697061
https://doi.org/10.1111/j.1463-1326.2006.00650.x
http://www.ncbi.nlm.nih.gov/pubmed/18772497
https://www.ncbi.nlm.nih.gov/pmc/PMC2577575
https://doi.org/10.1161/ATVBAHA.108.169722
http://www.ncbi.nlm.nih.gov/pubmed/18197180
https://doi.org/10.1038/sj.ijo.0803795
http://www.ncbi.nlm.nih.gov/pubmed/37433795
https://www.ncbi.nlm.nih.gov/pmc/PMC10336063
https://doi.org/10.1038/s41419-023-05935-5
http://www.ncbi.nlm.nih.gov/pubmed/18029483
https://doi.org/10.1093/jn/137.12.2680
http://www.ncbi.nlm.nih.gov/pubmed/38237764
https://doi.org/10.1016/j.lfs.2024.122432
http://www.ncbi.nlm.nih.gov/pubmed/28381807
https://doi.org/10.1248/bpb.b16-01002
http://www.ncbi.nlm.nih.gov/pubmed/34532001
https://www.ncbi.nlm.nih.gov/pmc/PMC8441368
https://doi.org/10.1002/fsn3.2439
http://www.ncbi.nlm.nih.gov/pubmed/22902326
https://www.ncbi.nlm.nih.gov/pmc/PMC3504646
https://doi.org/10.1016/j.jnutbio.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26228176
https://www.ncbi.nlm.nih.gov/pmc/PMC4621993
https://doi.org/10.1111/bph.13269
http://www.ncbi.nlm.nih.gov/pubmed/31802553
https://doi.org/10.1113/EP088109
http://www.ncbi.nlm.nih.gov/pubmed/26084330
https://www.ncbi.nlm.nih.gov/pmc/PMC4472399
https://doi.org/10.1186/s12906-015-0706-4
https://doi.org/10.4103/njecp.njecp_23_20
http://www.ncbi.nlm.nih.gov/pubmed/34621075
https://doi.org/10.1038/s41684-021-00871-3
http://www.ncbi.nlm.nih.gov/pubmed/32662519
https://www.ncbi.nlm.nih.gov/pmc/PMC7393194
https://doi.org/10.1111/bph.15193
http://www.ncbi.nlm.nih.gov/pubmed/36998708
https://www.ncbi.nlm.nih.gov/pmc/PMC10043433
https://doi.org/10.17179/excli2022-5720


Bagheripour F et al. Brieflands

Int J Endocrinol Metab. 2025; 23(3): e162367 13

25. Ghasemi A, Gheibi S, Kashfi K, Jeddi S. Anti-oxidant effect of nitrite in

the pancreatic islets of type 2 diabetic male rats. Iran J Basic Med Sci.

2023;26(4):420-8. [PubMed ID: 37009002]. [PubMed Central ID:

PMC10008387]. https://doi.org/10.22038/IJBMS.2023.68245.14900.

26. Varzandi T, Abdollahifar MA, Haeri Rohani SA, Piryaei A, Zadeh-Vakili

A, Jeddi S, et al. Effect of long-term nitrite administration on

browning of white adipose tissue in type 2 diabetic rats: A

stereological study. Life Sci. 2018;207:219-26. [PubMed ID: 29898382].

https://doi.org/10.1016/j.lfs.2018.06.012.

27. Allerton TD, Proctor DN, Stephens JM, Dugas TR, Spielmann G, Irving

BA. l-Citrulline Supplementation: Impact on Cardiometabolic

Health. Nutrients. 2018;10(7). [PubMed ID: 30029482]. [PubMed

Central ID: PMC6073798]. https://doi.org/10.3390/nu10070921.

28. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to

human studies revisited. FASEB J. 2008;22(3):659-61. [PubMed ID:

17942826]. https://doi.org/10.1096/fj.07-9574LSF.

29. Toth LA, Gardiner TW. Food and water restriction protocols:

physiological and behavioral considerations. Contemp Top Lab Anim

Sci. 2000;39(6):9-17. [PubMed ID: 11487246].

30. Knipp M, Vasak M. A colorimetric 96-well microtiter plate assay for

the determination of enzymatically formed citrulline. Anal Biochem.

2000;286(2):257-64. [PubMed ID: 11067748].

https://doi.org/10.1006/abio.2000.4805.

31. Miranda KM, Espey MG, Wink DA. A rapid, simple

spectrophotometric method for simultaneous detection of nitrate

and nitrite. Nitric Oxide. 2001;5(1):62-71. [PubMed ID: 11178938].

https://doi.org/10.1006/niox.2000.0319.

32. Ghasemi A, Hedayati M, Biabani H. Protein precipitation methods

evaluated for determination of serum nitric oxide end products by

the Griess assay. J Membr Sci Res. 2007;2(15):29–32.

33. Navarro-Gonzalvez JA, Garcia-Benayas C, Arenas J. Semiautomated

measurement of nitrate in biological fluids. Clin Chem.

1998;44(3):679-81. [PubMed ID: 9510886].

34. Shatanawi A, Momani MS, Al-Aqtash R, Hamdan MH, Gharaibeh MN.

L-Citrulline Supplementation Increases Plasma Nitric Oxide Levels

and Reduces Arginase Activity in Patients With Type 2 Diabetes. Front

Pharmacol. 2020;11:584669. [PubMed ID: 33414716]. [PubMed Central

ID: PMC7783447]. https://doi.org/10.3389/fphar.2020.584669.

35. Moinard C, Nicolis I, Neveux N, Darquy S, Benazeth S, Cynober L.

Dose-ranging effects of citrulline administration on plasma amino

acids and hormonal patterns in healthy subjects: the Citrudose

pharmacokinetic study. Br J Nutr. 2008;99(4):855-62. [PubMed ID:

17953788]. https://doi.org/10.1017/S0007114507841110.

36. You H, Gao T, Cooper TK, Morris SM, Awad AS. Diabetic nephropathy is

resistant to oral L-arginine or L-citrulline supplementation. Am J

Physiol Renal Physiol. 2014;307(11):F1292-301. [PubMed ID: 25320354].

[PubMed Central ID: PMC4254967].

https://doi.org/10.1152/ajprenal.00176.2014.

37. Holguin F, Grasemann H, Sharma S, Winnica D, Wasil K, Smith V, et al.

L-Citrulline increases nitric oxide and improves control in obese

asthmatics. JCI Insight. 2019;4(24). [PubMed ID: 31714895]. [PubMed

Central ID: PMC6975256]. https://doi.org/10.1172/jci.insight.131733.

38. Adam J, Brandmaier S, Leonhardt J, Scheerer MF, Mohney RP, Xu T, et

al. Metformin Effect on Nontargeted Metabolite Profiles in Patients

With Type 2 Diabetes and in Multiple Murine Tissues. Diabetes.

2016;65(12):3776-85. https://doi.org/10.2337/db16-0512.

39. Irving BA, Spielmann G. Does Citrulline Sit at the Nexus of

Metformin's Pleotropic Effects on Metabolism and Mediate Its

Salutatory Effects in Individuals With Type 2 Diabetes? Diabetes.

2016;65(12):3537-40. [PubMed ID: 27879405].

https://doi.org/10.2337/dbi16-0050.

40. Hazut N, Rapps K, Kristt DA, Susswein AJ, Weller A. Nitric oxide and l-

arginine regulate feeding in satiated rats. Appetite. 2019;132:44-54.

[PubMed ID: 30273627]. https://doi.org/10.1016/j.appet.2018.09.023.

41. Borchers S, Krieger JP, Maric I, Carl J, Abraham M, Longo F, et al. From

an Empty Stomach to Anxiolysis: Molecular and Behavioral

Assessment of Sex Differences in the Ghrelin Axis of Rats. Front

Endocrinol. 2022;13:901669. [PubMed ID: 35784535]. [PubMed Central

ID: PMC9243305]. https://doi.org/10.3389/fendo.2022.901669.

42. Abtahi S, Mirza A, Howell E, Currie PJ. Ghrelin enhances food intake

and carbohydrate oxidation in a nitric oxide dependent manner. Gen

Comp Endocrinol. 2017;250:9-14. [PubMed ID: 28552460]. [PubMed

Central ID: PMC6885356]. https://doi.org/10.1016/j.ygcen.2017.05.017.

43. Bahadoran Z, Jeddi S, Gheibi S, Mirmiran P, Kashfi K, Ghasemi A.

Inorganic nitrate, a natural anti-obesity agent: A systematic review

and meta-analysis of animal studies. EXCLI J. 2020;19:972-83. [PubMed

ID: 32788911]. [PubMed Central ID: PMC7415936].

https://doi.org/10.17179/excli2020-2515.

44. Joffin N, Jaubert AM, Durant S, Bastin J, De Bandt JP, Cynober L, et al.

Citrulline reduces glyceroneogenesis and induces fatty acid release

in visceral adipose tissue from overweight rats. Mol Nutr Food Res.

2014;58(12):2320-30. [PubMed ID: 25271764].

https://doi.org/10.1002/mnfr.201400507.

45. Joffin N, Jaubert AM, Durant S, Bastin J, De Bandt JP, Cynober L, et al.

Citrulline induces fatty acid release selectively in visceral adipose

tissue from old rats. Mol Nutr Food Res. 2014;58(9):1765-75. [PubMed

ID: 24913603]. https://doi.org/10.1002/mnfr.201400053.

46. Joffin N, Jaubert AM, Bamba J, Barouki R, Noirez P, Forest C. Acute

induction of uncoupling protein 1 by citrulline in cultured explants

of white adipose tissue from lean and high-fat-diet-fed rats.

Adipocyte. 2015;4(2):129-34. [PubMed ID: 26167416]. [PubMed Central

ID: PMC4497294]. https://doi.org/10.4161/21623945.2014.989748.

47. de Souza GO, Wasinski F, Donato J. Characterization of the metabolic

differences between male and female C57BL/6 mice. Life Sci.

2022;301:120636. [PubMed ID: 35568227].

https://doi.org/10.1016/j.lfs.2022.120636.

48. Romero MJ, Yao L, Sridhar S, Bhatta A, Dou H, Ramesh G, et al. l-

Citrulline Protects from Kidney Damage in Type 1 Diabetic Mice. Front

Immunol. 2013;4:480. [PubMed ID: 24400007]. [PubMed Central ID:

PMC3871963]. https://doi.org/10.3389/fimmu.2013.00480.

49. Fu X, Li S, Jia G, Gou L, Tian X, Sun L, et al. Protective effect of the nitric

oxide pathway in L-citrulline renal ischaemia-reperfusion injury in

rats. Folia Biol. 2013;59(6):225-32. [PubMed ID: 24485304].

50. Chien SJ, Lin KM, Kuo HC, Huang CF, Lin YJ, Huang LT, et al. Two

different approaches to restore renal nitric oxide and prevent

hypertension in young spontaneously hypertensive rats: l-citrulline

and nitrate. Transl Res. 2014;163(1):43-52. [PubMed ID: 24113064].

https://doi.org/10.1016/j.trsl.2013.09.008.

51. Beery AK, Zucker I. Sex bias in neuroscience and biomedical research.

Neurosci Biobehav Rev. 2011;35(3):565-72. [PubMed ID: 20620164].

[PubMed Central ID: PMC3008499].

https://doi.org/10.1016/j.neubiorev.2010.07.002.

https://brieflands.com/articles/ijem-162367
http://www.ncbi.nlm.nih.gov/pubmed/37009002
https://www.ncbi.nlm.nih.gov/pmc/PMC10008387
https://doi.org/10.22038/IJBMS.2023.68245.14900
http://www.ncbi.nlm.nih.gov/pubmed/29898382
https://doi.org/10.1016/j.lfs.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/30029482
https://www.ncbi.nlm.nih.gov/pmc/PMC6073798
https://doi.org/10.3390/nu10070921
http://www.ncbi.nlm.nih.gov/pubmed/17942826
https://doi.org/10.1096/fj.07-9574LSF
http://www.ncbi.nlm.nih.gov/pubmed/11487246
http://www.ncbi.nlm.nih.gov/pubmed/11067748
https://doi.org/10.1006/abio.2000.4805
http://www.ncbi.nlm.nih.gov/pubmed/11178938
https://doi.org/10.1006/niox.2000.0319
http://www.ncbi.nlm.nih.gov/pubmed/9510886
http://www.ncbi.nlm.nih.gov/pubmed/33414716
https://www.ncbi.nlm.nih.gov/pmc/PMC7783447
https://doi.org/10.3389/fphar.2020.584669
http://www.ncbi.nlm.nih.gov/pubmed/17953788
https://doi.org/10.1017/S0007114507841110
http://www.ncbi.nlm.nih.gov/pubmed/25320354
https://www.ncbi.nlm.nih.gov/pmc/PMC4254967
https://doi.org/10.1152/ajprenal.00176.2014
http://www.ncbi.nlm.nih.gov/pubmed/31714895
https://www.ncbi.nlm.nih.gov/pmc/PMC6975256
https://doi.org/10.1172/jci.insight.131733
https://doi.org/10.2337/db16-0512
http://www.ncbi.nlm.nih.gov/pubmed/27879405
https://doi.org/10.2337/dbi16-0050
http://www.ncbi.nlm.nih.gov/pubmed/30273627
https://doi.org/10.1016/j.appet.2018.09.023
http://www.ncbi.nlm.nih.gov/pubmed/35784535
https://www.ncbi.nlm.nih.gov/pmc/PMC9243305
https://doi.org/10.3389/fendo.2022.901669
http://www.ncbi.nlm.nih.gov/pubmed/28552460
https://www.ncbi.nlm.nih.gov/pmc/PMC6885356
https://doi.org/10.1016/j.ygcen.2017.05.017
http://www.ncbi.nlm.nih.gov/pubmed/32788911
https://www.ncbi.nlm.nih.gov/pmc/PMC7415936
https://doi.org/10.17179/excli2020-2515
http://www.ncbi.nlm.nih.gov/pubmed/25271764
https://doi.org/10.1002/mnfr.201400507
http://www.ncbi.nlm.nih.gov/pubmed/24913603
https://doi.org/10.1002/mnfr.201400053
http://www.ncbi.nlm.nih.gov/pubmed/26167416
https://www.ncbi.nlm.nih.gov/pmc/PMC4497294
https://doi.org/10.4161/21623945.2014.989748
http://www.ncbi.nlm.nih.gov/pubmed/35568227
https://doi.org/10.1016/j.lfs.2022.120636
http://www.ncbi.nlm.nih.gov/pubmed/24400007
https://www.ncbi.nlm.nih.gov/pmc/PMC3871963
https://doi.org/10.3389/fimmu.2013.00480
http://www.ncbi.nlm.nih.gov/pubmed/24485304
http://www.ncbi.nlm.nih.gov/pubmed/24113064
https://doi.org/10.1016/j.trsl.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20620164
https://www.ncbi.nlm.nih.gov/pmc/PMC3008499
https://doi.org/10.1016/j.neubiorev.2010.07.002


Bagheripour F et al. Brieflands

14 Int J Endocrinol Metab. 2025; 23(3): e162367

52. Liu Z, Xiao T, Liu H. Leptin signaling and its central role in energy

homeostasis. Front Neurosci. 2023;17:1238528. [PubMed ID: 38027481].

[PubMed Central ID: PMC10644276].

https://doi.org/10.3389/fnins.2023.1238528.

https://brieflands.com/articles/ijem-162367
http://www.ncbi.nlm.nih.gov/pubmed/38027481
https://www.ncbi.nlm.nih.gov/pmc/PMC10644276
https://doi.org/10.3389/fnins.2023.1238528
http://www.ncbi.nlm.nih.gov/pubmed/38027481
https://www.ncbi.nlm.nih.gov/pmc/PMC10644276
https://doi.org/10.3389/fnins.2023.1238528

