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Abstract
Background and purpose: Cholestasis or bile duct ligation (BDL) could develop cirrhosis and may lead to
other organ dysfunction, including the kidneys, which is called cholemic nephropathy (CN).
Hyperbilirubinemia, bile acid accumulation, renal hypoperfusion, oxidative stress, and inflammation are
implicated in the pathogenesis of CN. Sitagliptin is an oral antihyperglycemic drug with anti-inflammatory
and anti-oxidative effects. Its effects on CN were unknown.
Experimental approach: The BDL-induced CN model was performed in 35 male Wistar rats (200-250 g),
which were divided into five groups (n = 7) as follows: sham group receiving distilled water as vehicle (sham
+ Veh), BDL group receiving vehicle (BDL + Veh), and BDL groups receiving sitagliptin at the doses of
10, 50, or 100 mg/kg/day by gavage for 14 days named BDL + Sit 10, BDL + Sit 50, and BDL + Sit 100,
respectively. Aspartate transferase, alkaline phosphatase, total bilirubin (T-Bil), renal function biomarkers,
creatinine (Cr) clearance, redox system status, TNF-a, and renal histopathology were evaluated.
Findings/Results: BDL increased serum liver enzymes, T-Bil, Cr, urea, urine Cr, albumin to Cr ratio, and
decreased Cr clearance. Also, BDL elevated renal sestrin2, malondialdehyde, TNF-q, renal index, and kidney
tissue injury score, while reducing superoxide dismutase (SOD) activity, total antioxidant capacity, and nuclear
factor erythroid 2-related factor 2 (Nrf2). Sitagliptin, especially at the low dose, reversed these effects.
Conclusion and implications: Sitagliptin improved renal injury and function via ameliorating inflammation
and oxidative stress by activating the Nrf2/SOD pathway in BDL rats. Sitagliptin might help treat renal
complications in cirrhosis and liver diseases.
Keywords: Cholemic nephropathy; Inflammation; Nrf2; Oxidative stress; Sestrin2; Sitagliptin.
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INTRODUCTION

Severe hepatic disorders due to alcoholic or
non-alcoholic liver disease may lead to other
organ dysfunction, including the kidneys, among
vital organs, which is known as hepatorenal
syndrome (HRS) (1). Renal dysfunction is a
common manifestation of advanced cirrhosis
that is associated with significant mortality and
morbidity (2). The exact incidence and
prevalence of HRS in cirrhosis are currently
unknown (3). HRS incidence might be 18% and
39% at 1-year and 5-year periods, respectively,
for patients with liver cirrhosis and ascites (4).

Cholestasis or bile duct ligation (BDL)
caused liver impairment 1is a clinical
complication that could develop cirrhosis,
fibrosis, and liver failure (5,6). These advanced
stages of liver damage usually become apparent
2-4 weeks after BDL (7). Renal damage caused
by the accumulation of substances in bile,
including bile acids, can be observed in the
nephron collecting ducts of BDL model mice
after three days (8). Mechanistically, renal injury
as a consequence of cirrhosis is due to
circulatory and hemodynamic alterations. The
changes, such as splanchnic arterial
vasodilation, reduced total peripheral resistance,
blood volume depletion, and hypotension,
activate several mechanisms to maintain blood
pressure, including the sympathetic nervous
system, the renin-angiotensin system, and
hormone secretion (1). The accumulation of bile
acids and bilirubin in cholestasis could play a
cytotoxic role for renal cells (9). The main
mechanisms of bilirubin toxicity can be caused
by mitochondrial membrane dysfunction,
oxidative stress, apoptosis, necrosis, and
endoplasmic reticulum stress in organs (10).
Literature review supported the influences of
oxidative stress and inflammation on hepatic and
renal damage in cholestasis (11). Cholemic
nephropathy (CN) causes a decrease in
mitochondrial dehydrogenase activity,
mitochondrial depolarization, as well as a
decrease in ATP stores, lipid peroxidation, and
mitochondrial permeability (12). An increase in
the production of reactive oxygen species
(ROS), lipid peroxidation, and protein
carbonylation, as well as the elevation of pro-
inflammatory cytokines in liver and renal tissues
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of cholestatic rats, has been reported (13). Acute
kidney injury occurs in 20-50% of cirrhotic
hospitalized patients (14). Accompanied by the
progression  of  liver  disease, renal
vasoconstriction has been reported, which could
damage renal function in late stages, reduce
glomerular filtration rate (GFR), and increase
serum creatinine (Cr) (15). Cholestasis increases
HRS susceptibility through the elevation of
portal vein pressure and cirrhosis (16), so it is an
acceptable experimental model to assess the
pathophysiology of cirrhosis and HRS.

Sitagliptin is a dipeptidyl peptidase-4 (DPP4)
enzyme inhibitor, which is prescribed to treat
type 2 diabetes mellitus (T2DM) (17).
Sitagliptin prolongs the action of incretin
hormones, including glucagon-like peptide 1
and glucose-dependent insulinotropic
polypeptide, by inhibiting their breakdown (18).
Also, the administration of sitagliptin reduces
the serum levels of inflammatory cytokines in
patients with T2DM (19). By preventing the
inactivation of incretin hormones, sitagliptin
improves glycemic control in patients with type
2 diabetes, primarily by suppressing glucagon
levels and increasing endogenous insulin
secretion (18). In a kidney injury model,
gentamicin initiated apoptotic pathways and
disrupted normal mitochondrial membrane
function (20), whereas sitagliptin could prevent
renal tubular apoptosis by reducing apoptotic
mediators (21). In the Iliterature, several
documents have reported the nephroprotective
effects of DPP4 inhibitors like sitagliptin in
diabetic animals and other renal injuries through
the elimination of  oxidative  stress,
mitochondrial dysfunction, and endoplasmic
reticulum stress (21,22). Hence, this study was
designed to determine whether sitagliptin could
ameliorate CN in experimental cholestatic rats,
and also to assess the antioxidant and anti-
inflammatory action of sitagliptin as possible
mechanisms.

MATERIALS AND METHODS

Animals

To evaluate the possible protective effects of
sitagliptin on cholestasis-induced renal injury,
35 male Wistar rats (200-250 g) were purchased
from the animal house of Kerman University of



Medical Sciences (Kerman, Iran). The animals
were housed in cages with free access to food
and water under 24 + 2 °C temperature and a
12-h light/dark cycle. The Ethics Committee of
Kerman University of Medical Sciences
approved the experimental protocol (Ethical
No. IRRKMU.AH.REC.1401.264).

Study design
Experimental groups and surgical procedures
The animals were divided into five groups

(n = 7) as follows: sham + Veh, BDL + Veh,
BDL + Sit 10, BDL+ Sit 50, and BDL+ Sit
100 groups (Fig. 1A). To perform the BDL, rats
were anesthetized with the injection of a
ketamine (60 mg/kg) and xylazine (2 mg/kg)
cocktail intraperitoneally (IP) (23). The
abdomen was opened with a midline incision
(approximately 2 cm). After observation of the
bile duct, it was ligated with two surgical knots
with surgical silk 5-0 at the proximal and distal
ends. After BDL, 1 mL of 0.9% sodium
chloride solution was injected into the
peritoneal cavity to maintain the physiological
condition. Then, the two layers of the abdomen
(muscle and skin) were sutured separately with
4-0 silk thread (24). In the sham group, the
laparotomy was performed without the BDL.
Sitagliptin (99% purity, Jalinous
Pharmaceutical Co., Iran) was given at the
doses of 10, 50, or 100 mg/kg/day for two
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weeks to the treatment groups through gavage
with special needles (25). The sham + Veh and
BDL + Veh groups received distilled water in
equal volume via gavage during the
experimental period. On day 14, the
animals were placed in metabolic cages to
collect the 24-h urine samples. On day 15,
after measuring the body weight (BW) with a
digital scale, the animals were anesthetized by
the injection of ketamine/xylazine
(100/10 mg/kg, IP), followed by collecting
blood samples from the heart (26).
After centrifuging, the serum samples were
separated and frozen at -80 °C for
assessment. Finally, the animals were
sacrificed. Then, the kidney tissues were
removed and  weighed  immediately.
The right kidneys were placed in 10% buffered
formalin (pH 7.4) for pathological
examination. Also, the left kidneys were stored
at -80 °C to examine tissue parameters
(Fig. 1B). The percentage change of BW and
kidney weight (KW) index were calculated
using equations (1) and (2), respectively:

BW?2 (g) — BW1 (g)

BW1 (g)

where BW| and BW; express BW on days 1 and
15 of the experiment period, respectively.

BW change (%) =

x 100 (1)

) _ KW (mg)
KW index = BW (a) @ (2)

Male rats
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Fig. 1. Schematic representation of (A) the experimental groups and (B) timeline of the study. In the sham group, the
laparotomy was performed without the BDL. Sitagliptin was given at the doses of 10, 50, or 100 mg/kg/day for two weeks
through gavage. The sham + Veh and BDL + Veh groups were given distilled water in equal volume through gavage
during the experimental period. Sit, Sitagliptin; BDL, bile duct ligation; Veh, vehicle.
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Histopathological examination

The left kidney tissues were fixed with 4%
buffered paraformaldehyde and embedded in
paraffin. After preparing 2-pum-thick sections,
hematoxylin and eosin (H&E) staining was
used to evaluate tissue damage and
inflammation. The sections were examined
with an Olympus microscope (CX41, Tokyo,
Japan) by an expert pathologist who was blind
to the groups. For quantitative damage scoring,
six fields in each sample were selected and
scored from 0-5 (magnification X100 or x400).
Histopathological changes in the kidney tissues
were graded according to the predominance of
tubulointerstitial changes, which include
degeneration of tubular epithelial cells and loss
of brush border, thickening of the basement
membrane, dilation of tubules and the presence
of protein or cellular casts, and tubular atrophy,
along with edema and inflammation of the
interstitial space as follow: 0, no change; 1,
10%; 2, 10-25%; 3, 25-50%; 4, 50-75%; 5,
75-100% of tubulointerstitial injury (27).

Assessment of serum and urine urea, Cr, and
albumin

The urine and serum levels of urea, Cr, and
albumin were measured by Commercial kits
(Pars Azmoon, Tehran, Iran) using an
autoanalyzer (Selectra-XL, Vital Science,
Netherlands). The urine albumin to Cr ratio
(UACR) was calculated using the equation (3):

Urine albumin (mg/dL)

UACR =
Urine Cr (mg/dL)

3

To estimate GFR, the renal clearance of Cr
was determined. Accordingly, urinary and
serum Cr concentrations and urine flow were
used, and GFR was calculated using equation
(4), then reported as pL/min/mg KW(28):

Ucr (mg/dL) x UF (mL/min)

GFR (mL/min) = Scr (mg/dL)

C))

where UCr and SCr express urinary and serum
Cr concentrations, respectively. Also, UF
expresses urine flow.

Assay of liver enzymes

The activity of liver enzymes, such as
aspartate transferase (ALT) and alkaline
transferase (AST) and total bilirubin (T-Bil) in
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serum was measured using the standard kit
(Pars Azmoon, Tehran, Iran) by the enzymatic
method according to the manufacturer's
instructions.

Determination of renal oxidant/antioxidant

activity

To measure the tissue levels of
malondialdehyde (MDA), superoxide
dismutase (SOD), and total antioxidant

capacity (TAC), the kidney tissues were
homogenized in 1.5% potassium chloride (KCI)
solution and then centrifuged for 10 min at 1000
rpm. Finally, the supernatants obtained were
used to determine renal oxidant/antioxidant
activities.

The thiobarbituric acid (TBA) method was
used for MDA assessment. Briefly, the
supernatant was mixed with trichloroacetic acid
and TBA, then placed in a boiling water bath
for 45 min. After cooling and adding n-butanol,
the absorbance was measured at 534 nm (29).

The TAC was measured by
the ferric reducing/antioxidant power (FRAP)
method. Briefly, 5 uL of the supernatant and 70
uL of FRAP reagent were mixed. Distilled
water was used as a blank; the mixture was
incubated at 37 °C for 5 min, then the
absorbance was read at 593 nm (30).

The SOD activity was determined according
to the Randox kit instructions (Cat. No. RS504,
Randox Labs, UK). The absorbance of SOD
was measured at 570 nm.

All absorbances of MDA, SOD, and TAC
were  measured with an  Epoch™
spectrophotometer (BioTek® Instrument, Inc,
Winooski, VT 05404-0998, USA).

ELISA assay

Renal levels of nuclear factor erythroid 2-
related factor 2 (Nrf2), sestrin2 (Sesn2), and
tumor necrosis factor alpha (TNF-a) were
measured using commercial ELISA kits (R&D,

USA) according to the manufacturer's
instructions. The NFE2L2 ELISA kit was used
to quantitatively determine the

concentration of Nrf2 in renal tissue. The
measurement of TNF-o and Sesn2 was
performed by DuoSet ELISA and Sesn2
polyclonal antibody (Cat. No. E-AB-64956),
respectively.



Statistical analysis

Data were expressed as mean + SEM and
analyzed using GraphPad Prism version 8. The
data normality was checked with the Shapiro-
Wilk test. One-way ANOVA followed by Tukey
post-hoc test was used for normally distributed
data. Kruskal-Wallis and Mann-Whitney U tests
were used for non-normally distributed data.
P <0.05 was considered statistically significant.

RESULTS

The effects of sitagliptin on BW and the KW
index

Two-week induction of BDL in the animals
decreased BW, which was significant in the
BDL + Veh group compared to the sham + Veh
group (Fig. 2A). The administration of
sitagliptin at the dose of 10 mg/kg insignificantly
decreased the BW loss, but the other doses of
sitagliptin did not show any effects on BW loss
compared to the BDL + Veh group (Fig. 2A).

KW index significantly increased in the
BDL + Veh group in comparison to the
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sham + Veh group. However, none of the
sitagliptin doses was effective in preventing the
increment (Fig. 2B).

The effects of sitagliptin on serum biomarkers
Serum liver enzymes

The serum AST level was significantly
increased in the BDL + Veh group compared to
the sham + Veh group. Treatment with
sitagliptin at the dose of 10 mg/kg lowered the
serum level of AST compared to the BDL +
Veh group, reducing it to nearly the levels
observed in the sham + Veh group. However,
sitagliptin at the doses of 50 and 100 mg/kg did
not result in a significant reduction of the serum
AST level (Fig. 2C).

The serum level of ALT was increased in the
BDL + Veh group compared to the sham + Veh
group, significantly. Like AST, the only low
dose of sitagliptin significantly reduced ALT
serum level, while sitagliptin at the medium and
high doses caused a significant increase in ALT
serum level in comparison to the BDL + Veh
group (Fig. 2D).
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Fig. 2. Effect of sitagliptin on (A) the percentage of BW change, (B) the KW index, the serum levels of (C) AST, (D) ALT,
and (E) T-Bil. Sitagliptin was given at the doses of 10, 50, or 100 mg/kg/day for two weeks through gavage. The sham + Veh
and BDL + Veh groups were given distilled water in equal volume through gavage during the experimental period. Data were

stk

expressed as mean = SEM, n= 7. "P < 0.05 and

P <0.0001 demonstrate significant differences compared to the sham + Veh

group; #P < 0.01 and #P < 0.001 versus the BDL + Veh group; %P < 0.01 and **#P < 0.001 represent the significant
differences between the Sit-treated groups. BW, Body weight; KW, kidney weight; AST, aspartate aminotransferase; ALT,
alkaline transferase; T-Bil, total bilirubin; Sit, sitagliptin; BDL, bile duct ligation; Veh, vehicle.
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Serum T-Bil levels

In consequence of two-week BDL, the
serum T-Bil levels were significantly increased
in the BDL + Veh group in comparison to the
sham + Veh group. None of the sitagliptin doses
could reduce the serum level of the marker
compared with the BDL + Veh group (Fig. 2E).

Serum levels of Cr, urea, and albumin

The serum levels of Cr and urea were
increased in the BDL + Veh group compared to
the sham + Veh group, significantly (Fig. 3A
and B). Although the serum level of urea was
significantly reduced by all doses of sitagliptin
(Fig. 3B), the reduction of the serum Cr level
was seen only in the BDL + Sit 10 group in
comparison to the BDL + Veh group (Fig. 3A).

Neither induction of BDL nor sitagliptin
treatment affected the serum albumin levels
(Fig. 3C).

The effects of sitagliptin on urine biomarkers
Urine Cr and UACR

Urine Cr level was significantly reduced in
the BDL + Veh group compared to the sham +
Veh group. Sitagliptin treatment at the dose of
100 mg/kg significantly increased the
parameter compared to the BDL + Veh group
(Fig. 3D). UACR was significantly increased in
the BDL + Veh group compared to the sham +
Veh group. On the other hand, sitagliptin at the
doses of 50 and 100 mg/kg significantly
reversed the ratio compared to the BDL + Veh
group (Fig. 3E).
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Fig. 3. Effect of sitagliptin on renal function in BDL-induced cholemic nephropathy in the experimental groups. Serum
levels of (A) Cr, (B) urea, and (C) albumin; (D) urine level of Cr; (E) UACR; (F) GFR; and (G) 24-h urine volume.
Sitagliptin was given at the doses of 10, 50, or 100 mg/kg/day for two weeks through gavage. The sham + Veh and BDL
+ Veh groups were given distilled water in equal volume through gavage during the experimental period. Data were
expressed as mean = SEM, n= 7. *P < 0.05, P < 0.01, and *"P < 0.001 demonstrate significant differences compared
to the sham + Veh group; *P < 0.05, #P < 0.01, and " P < 0.001 versus the BDL + Veh group; P < 0.05, 4P < 0.01,
and ¥%%P < 0.001 represent the significant differences between the Sit-treated groups. Sit, Sitagliptin; BDL, bile duct
ligation; Veh, vehicle; Cr, creatinine; UACR, urine albumin to Cr ratio; GFR, glomerular filtration rate.
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GFR and urine volume

Induction of BDL significantly reduced GFR
in the BDL + Veh group compared to the sham +
Veh group. The administration of sitagliptin at the
dose of 10 mg/kg significantly improved GFR
compared to the BDL + Veh group. The other
doses of sitagliptin had no significant effects on
GFR (Fig. 3F). Moreover, there were no
significant differences in urine volume among the
experimental groups over 24 h (Fig. 3G).

The effects of sitagliptin on the renal activity of
the redox system, Nrf2, and Sesn2 levels

The alleviation of TAC, TAC/MDA ratio,
SOD, and Nrf2 in the kidney was significantly
seen in the BDL + Veh group compared to the
sham + Veh group (Fig. 4A-D). Also, the renal
levels of MDA and Sesn2 were significantly
increased in the BDL + Veh group compared to
the sham + Veh group (Fig. 4E and F). On the
other hand, sitagliptin in all doses significantly
improved the parameters, except Nrf2 and MDA
(Fig. 4A-F). The renal level of Nrf2 was
significantly increased by sitagliptin at the doses
of 50 and 100 mg/kg in comparison to the BDL +
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Veh group (Fig. 4D). In addition, the renal MDA
level was significantly affected by sitagliptin
administration only at the dose of 10 mg/kg in
comparison to the BDL + Veh group (Fig. 4E).

The effect of sitagliptin on renal tissue TNF-a
level

The renal TNF-a level was significantly
elevated in the BDL + Veh group compared to the
sham + Veh group. sitagliptin at all doses
significantly reduced the inflammatory cytokine
compared to the BDL + Veh group (Fig. 4G).

The effect of sitagliptin on renal histopathology
The histopathologic alterations, including
tubular cell swelling, brush border loss, protein
cast, deposition of bile pigments, interstitial
inflammation, vascular congestion, and edema,
were observed in H&E-staining assessment of
kidney tissue in the cholestatic rats (Fig. 5A1.6).
BDL significantly enhanced the kidney tubular
injury score (KTIS) in the BDL + Veh group in
comparison to the sham + Veh group. KTIS was
significantly reduced in the BDL + Sit10 group
compared to the BDL + Veh group (Fig. 5B).
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Fig. 4. Effect of sitagliptin on kidney level of (A) TAC, (B) TAC/MDA, (C) SOD activity, (D) Nrf2, (E) MDA, (F) Sesn2,
and (G) TNF-a. Sitagliptin was given at the doses of 10, 50, or 100 mg/kg/day for two weeks through gavage. The sham
+ Veh and BDL + Veh groups were given distilled water in equal volume through gavage during the experimental period.
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Data were expressed as mean = SEM, n=7. " P < 0.001 demonstrates significant difference compared to the sham +
Veh group; #P < 0.05, #P < 0.01, and P < 0.001 versus the BDL + Veh group; P < 0.05 and %P < 0.01 represent the
significant differences between the Sit-treated groups. Sit, Sitagliptin; BDL, bile duct ligation; Veh, vehicle; TAC, total
anti-oxidant capacity; MDA, malondialdehyde; SOD, superoxide dismutase; Nrf2, nuclear factor erythroid 2-related
factor 2; Sesn2, sestrin2; TNF-a, tumor necrosis factor alpha.

611



Akhbari et al. / RPS 2026, 21(5): 605-617

Fig. 5. The effect of sitagliptin on kidney damage in BDL-induced cholemic nephropathy in the experimental groups.
(A1) Sham + Veh, (Az) BDL + Veh, (As) BDL + Veh (x400 magnification), (A4) BDL + Sit 10, (As) BDL + Sit 50, (A¢)
BDL + Sit 100 groups. The kidney sections were stained with hematoxylin-eosin (x100 magnification except A3). Green
arrows, Glomeruli; black arrows, inflammatory cells; orange arrows, protein casts inside the tubules; yellow arrows,
deposition of pigments in the tubule. (B) Quantitative analysis of KTIS. Sitagliptin was given at the doses of 10, 50, or
100 mg/kg/day for two weeks through gavage. The sham + Veh and BDL + Veh groups were given distilled water in
equal volume through gavage during the experimental period. Data were expressed as mean +£ SEM, n = 5. ™P < 0.01
demonstrates significant difference compared to the sham + Veh group; #P < 0.01 versus the BDL + Veh group. Sit,
Sitagliptin; BDL, bile duct ligation; Veh, vehicle; KTIS, kidney tubular injury score.

DISCUSSION

Cholestasis-induced  nephropathy, also
called CN, is a prevalent disorder in cholestasis
patients. The primary role of oxidative stress in
the pathogenesis of CN has been documented in
the literature review (31). Thus, the present
study used BDL-induced nephropathic rats to
investigate the potential mechanism of
sitagliptin on renal injury and oxidative stress
induced by CN. This study highlighted several
important results as follows: (1) BDL induction
increased the serum levels of AST, ALT, and T-
Bil, as well as BW loss and the KW index; (2)
BDL increased the serum levels of Cr and urea,
as well as UACR, while decreasing the urine Cr
levels and Cr clearance; (3) BDL-induced
injury decreased renal TAC, SOD, TAC/MDA,
and Nrf2 levels, while increasing MDA, Sesn2,
and inflammatory cytokine TNF-a in renal
tissue; (4) histopathological changes, such as
epithelial cell swallowing, brush border loss,
cast formation, tubular necrosis, and
inflammation, resulted in an overall increase of
KTIS following 14-day BDL; (5) treatment
with sitagliptin, especially at the low dose
reversed the alterations.
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Hyperbilirubinemia in cholestasis develops
renal injury and structural disturbances. Bile acids
inhibit electrolyte transporters in the renal tubules
in a way that increases tubular acidity, which
favors cast formation and leads to tubular
obstruction (32). Another mechanism of CN is
due to renal hemodynamic alteration. High serum
bilirubin exerts a negative effect on cardiac
contractility and rhythmicity, which contributes
to poor renal perfusion (33). In addition, bile acid
accumulation is cytotoxic, impairs mitochondrial
function, and elevates ROS formation (34).
Oxidative stress and inflammation play an
important role in the development of renal injury
(35,36). Direct nephrotoxicity of bilirubin and
bile salts has been proven. The presence of 66%
acute kidney injury was reported in renal biopsy
of bile cast-positive patients who suffered from
severe liver disease (5).

In the current study, the changes, such as the
deposition of bile pigments, tubular injury, and
interstitial inflammation, were seen in the kidney
tissues. Also, the alterations, including the
enhancement of oxidative stress biomarkers, lipid
peroxidation, and inflammatory cytokine TNF-q,
were observed in the kidneys of cholestatic
groups. The observations were in line with



findings that mentioned the involvement of
oxidative stress in the pathogenesis of CN (4).

It has been reported that DPP-4 inhibitors
like sitagliptin, an oral anti-hyperglycemic
drug, have antioxidant, anti-inflammatory, and
nephroprotective effects. The protective effect
of sitagliptin has been revealed as an
antioxidant agent in diabetic and non-diabetic
conditions in the kidney tissue (22). In an
experimental model of xenobiotic-induced
nephrotoxicity, sitagliptin ameliorated renal
injury by augmentation of antioxidant defense
and Nrf2/HO-1 pathway up-regulation (37).
The Kelch-like ECH-associated protein 1
(Keapl)-Nrf2-antioxidant response element
system is the main pathway activated in
oxidative stress states. The ablation or disrupted
activation of Nrf2 accelerates oxidative stress
conditions and disrupts normal cellular redox
balance, leading to cell dysfunction (38). In
severe acute pancreatitis-related acute lung
injury, sitagliptin could mitigate oxidative
stress by activating the Keapl-Nrf2 signaling
pathway (39). Nrf2 is a transcription factor that
up-regulates downstream antioxidant enzymes,
SOD and catalase, in stress states (40). Nrf2-
deficiency in mice aggravates oxidative stress,
inflammation, and renal injury in diabetic
models (41). Moreover, increased Nrf2 activity
preserves  mitochondrial ~ function  and
morphology (42). The latter observations
supported renal protection mediated by Nrf2
through antioxidant and anti-inflammatory
functions (43). In agreement with other research,
the present data revealed an increment in Nrf2
level, SOD activity, TAC, and TAC/MDA ratio,
accompanied by a reduction of TNF-a and
histopathologic alterations in cholestatic rats
receiving sitagliptin. In addition, the beneficial
effect of sitagliptin administration on cardiac
performance and histology has been reported in
a 5/6 nephrectomized model of chronic kidney
disease (44). The cardio-protective action of
sitagliptin could help restore renal circulation
and improve renal function and histology in CN.

In the present study, sitagliptin at three doses
showed antioxidant and anti-inflammatory
effects in terms of improving antioxidant
factors (TAC, SOD, and Nrf2) and reducing
inflammatory factor (TNF-a), although some
markers were not significant. The results
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revealed a dose-dependent and mechanistically
distinct efficacy pattern of sitagliptin in CN.
The low dose (10 mg/kg) revealed
nephroprotection by a significant reduction of
serum Cr and improving GFR to near the sham
+ Veh group levels, accompanied by
hepatoprotection (ALT and AST), while the
high doses (50 and 100 mg/kg) failed to
improve serum Cr and GFR (versus BDL + Veh
group) and paradoxically elevated liver
enzymes above levels in both the sham + Veh
and BDL + Veh groups. Although Nrf2-SOD
activation was preserved at all doses, indicating
the presence of an antioxidant effect, this was
not enough for hepatotoxicity prevention at
high doses. This loss of hemodynamic and
hepatic benefit at high doses might be due to
glucagon-like peptide-1 (GLP-1) receptor
desensitization. As indicated in the literature,
long-term treatment of PB-pancreatic cell lines
with GLP-1 (same as using sitagliptin),
desensitized the GLP-1 receptors (45). In line
with the dose-dependent results, Chuo et al.
suggested a J-shaped and dose-dependent effect
of DPP4 inhibitors in colorectal cancer risk
(46). Consistent with the present findings,
previous studies have reported the protective
effects of 10 mg/kg sitagliptin against diabetic
nephropathy (47) and doxorubicin-induced
nephropathy (48). Additionally, sitagliptin has
shown protective roles at lower doses (5 and 10
mg/kg) in S-fluorouracil-induced nephropathy
(49), as well as at the doses of 2.5 and 10 mg/kg
in adenine-induced kidney disease models (50).
Furthermore, the nephroprotective effects of
sitagliptin have been noted at higher doses (100
mg/kg for diabetic nephropathy and 300-600
mg/kg for ischemia-reperfusion injury) (51,52),
confirming the efficacy of sitagliptin through its
antioxidant and anti-inflammatory properties
across various types of renal injury, independent
of its hypoglycemic effects. Aligning with the
current results, Asakawa et al. reported that
sitagliptin at a dose of 50 mg failed to reduce
ALT levels (53). A review study also stated that
the ineffectiveness of sitagliptin on ALT and
AST was not unexpected (54).

DPP4 inhibitors, such as sitagliptin, increase
the circulating level of GLP-1 by inhibiting its
breakdown, thereby improving glucose
metabolism  in  diabetic mellitus  (55).
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The literature suggested that sitagliptin, through
the elevation of GLP-1 and GLP-1 receptor
levels, may potentiate anti-inflammatory and
anti-oxidant effects, thereby protecting kidney
tissue from acute kidney injury (25) and
cardiovascular  tissue  from  endothelial
dysfunction and atherosclerosis (56).

Sesn2, a member of a family of highly
conserved antioxidant proteins, regulates
intracellular ROS levels in hypoxia, oxidative
stress, and DNA damage (57). Yang et al.
explained the contribution of renal Sesn2
in the maintenance of redox balance (57).
The overexpression of Sesn2 in BDL
mouse liver and bile acid-treated HepG2 cells
revealed the hepatoprotective effect of
Sesn2 against bile acid-induced endoplasmic
reticulum stress (58). The results of
this study confirmed the involvement of
Sesn2 in oxidative stress induced by cholestasis
in renal tissue. Sitagliptin might improve renal
damage via the accretion of Sesn2 levels
in BDL rats.

CONCLUSION

Collectively, the findings revealed a dose-
dependent nephroprotective effect of sitagliptin
in cholestasis, as evidenced by a decrease in
serum levels of Cr, urea, and a decrease in urine
Cr and UACR, and an increase in GFR in
association with a reduction of inflammation,
oxidative stress, and Sesn2 through the
Nrf2/SOD pathway. As sitagliptin is an FDA-
approved drug and used to treat diabetic patients,
we suggested considering it to alleviate renal
injury and dysfunction in cirrhosis and severe
liver disease, provided that the therapeutic dose
is carefully optimized to achieve maximal
protection without loss of efficacy or safety
concern.

Acknowledgements

The authors acknowledge Jalinuos Pharmacy
Co. (Tehran, Iran) for the donation of sitagliptin
powder. The research was financially supported
by the Deputy of Research and Technology of
the Kerman University of Medical Sciences and
Physiology = Research ~ Center, = Kerman
University of Medical Sciences, Kerman, Iran
(Grant No. 401000550).

614

Authors’ contributions

M. Akhbari participated in the experimental
procedures, statistical analysis, and drafting;
S. Saberi participated in the design and
coordination of the study, drafting of the
manuscript, statistical analysis, interpreting the
findings, and final revision of the manuscript;
M. Khaksari participated in the design and
coordination of the study; M. Askaripour
participated in drafting; E. Jafari participated in
pathology scoring.

All authors have read and approved the
finalized article. Each author has fulfilled the
authorship criteria and affirmed that this article
represents honest and original work.

Conflict of interest statement
All authors declared no conflict of interest in
this study.

Al declaration

During the preparation of this work, the
authors used ChatGPT Al to improve
readability and language. After using this tool,
the authors reviewed and edited the content and
take full responsibility for the published
content. Artificial intelligence was used at the
end of the work and solely for paraphrasing,
and then it was re-reviewed by the authors.
Moreover, Al-assisted design tools were
employed to prepare the graphical abstract,
followed by manual refinement by the authors.

Data availability

The data supporting the findings of this
study are documented and available from
the corresponding author upon reasonable
request. Researchers interested in accessing
the data should contact the corresponding
author to discuss the terms and conditions
of access.

REFERENCES

1. Gings P, Guevara M, Arroyo V, Rodés J. Hepatorenal
syndrome. Lancet. 2003;362(9398):1819-1827.
DOI: 10.1016/S0140-6736(03)14903-3.

2. Adebayo D, Morabito V, Davenport A, Jalan R.
Renal dysfunction in cirrhosis is not just a vasomotor
nephropathy. Kidney Int. 2015;87(3):509-515.

DOI: 10.1038/ki.2014.338.

3. Singh J, Dahiya DS, Kichloo A, Singh G, Khoshbin

K, Shaka H. Hepatorenal syndrome: a Nationwide



Trend Analysis from 2008 to 2018. Ann Med.
2021;53(1):2018-2024.
DOI: 10.1080/07853890.2021.1998595.

4. Montoliu S, Ballest¢ B, Planas R, Alvarez MA,
Rivera M, Miquel M, et al. Incidence and prognosis
of different types of functional renal failure in
cirrhotic patients with ascites. Clin Gastroenterol
Hepatol. 2010;8(7):616-622.

DOI: 10.1016/j.cgh.2010.03.029.

5. van Slambrouck CM, Salem F, Meehan SM, Chang
A. Bile cast nephropathy is a common pathologic
finding for kidney injury associated with severe liver
dysfunction. Kidney Int. 2013;84(1):192-197.

DOI: 10.1038/ki.2013.78.

6. Akbari G, Abasi MR, Gharaghani M, Nouripoor S,
Shakerinasab N, Azizi M, et al. Antioxidant and
hepatoprotective activities of Juniperus excelsa M.
Bieb against bile duct ligation-induced cholestasis.
Res Pharm Sci. 2024;19(2):217-227.

DOI: 10.4103/RPS.RPS_52 23.

7. Marques TG, Chaib E, da Fonseca JH, Lourengo
ACR, Silva FD, Ribeiro Jr MAF, et al. Review of
experimental models for inducing hepatic cirrhosis by
bile duct ligation and carbon tetrachloride injection.
Acta Cir Bras. 2012;27(8):589-594.

DOI: 10.1590/50102-86502012000800013.

8. Fickert P, Krones E, Pollheimer MJ, Thueringer A,
Moustafa T, Silbert D, et al. Bile acids trigger
cholemic nephropathy in common bile-duct-ligated
mice. Hepatology. 2013;58(6):2056-2069.

DOI: 10.1002/hep.26599.

9. Gossard AA, Talwalkar JA. Cholestatic liver disease.
Med Clin North Am. 2014;98(1):73-85.

DOI: 10.1016/j.mcna.2013.09.002.

10. Moradi Sarabi M, Babaeenezhad E, Amini M,
Kaviani M, Naghibalhossaini F. Bilirubin and
epigenetic ~ modifications in  metabolic and
immunometabolic disorders. Endocr Metab Immune
Disord Drug Targets. 2022;22(12):1178-1190.

DOI: 10.2174/1871530321666211125102924.

11. Ommati MM, Farshad O, Azarpira N, Ghazanfari E,
Niknahad H, Heidari R. Silymarin mitigates bile duct
obstruction-induced cholemic nephropathy. Naunyn
Schmiedebergs Arch Pharmacol. 2021;394(6):1301-
1314.

DOI: 10.1007/s00210-020-02040-8.

12. Abdoli N, Sadeghian I, Azarpira N, Ommati MM,
Heidari R. Taurine mitigates bile duct obstruction-
associated cholemic nephropathy: effect on oxidative
stress and mitochondrial parameters. Clin Exp
Hepatol. 2021;7(1):30-40.

DOI: 10.5114/ceh.2021.104675.

13. Ahmadi A, Niknahad H, Li H, Mobasheri A, Manthari
RK, Azarpira N, et al. The inhibition of NFkxB
signaling and inflammatory response as a strategy for
blunting bile acid-induced hepatic and renal toxicity.
Toxicol Lett. 2021; 349:12-29.

DOI: 10.1016/j.tox1et.2021.05.012.

14. Garcia-Tsao G, Parikh CR, Viola A. Acute kidney
injury in cirrhosis. Hepatology. 2008;48(6):2064-2077.
DOI: 10.1002/hep.22605.

Sitagliptin protects against cholemic nephropathy

15.Fagundes C, Ginés P. Hepatorenal syndrome: a
severe, but treatable, cause of kidney failure in
cirrhosis. Am J Kidney Dis. 2012;59(6):874-885.
DOI: 10.1053/j.ajkd.2011.12.032.

16. Wong F, Blendis L. New challenge of hepatorenal
syndrome: prevention and treatment. Hepatology.
2001;34(6):1242-1251.

DOI: 10.1053/jhep.2001.29200.

17.Nagao M, Sasaki J, Sugihara H, Tanimura-Inagaki K,
Harada T, Sakuma I, et al. Efficacy and safety of
sitagliptin treatment in older adults with moderately
controlled type 2 diabetes: the STREAM study. Sci
Rep. 2023;13(1):134,1-11.

DOI: 10.1038/s41598-022-27301-9.

18. Green JB, Bethel MA, Armstrong PW, Buse JB,
Engel SS, Garg J, et al. Effect of sitagliptin on
cardiovascular outcomes in type 2 diabetes. N Eng J
Med. 2015;373(3):232-242.

DOI: 10.1056/NEJMoal501352.

19. Sromova L, Busek P, Posova H, Potockova J, Skrha
P, Andel M, et al. The effect of dipeptidyl peptidase-
IV inhibition on circulating T cell subpopulations in
patients with type 2 diabetes mellitus. Diabetes Res
Clin Pract. 2016;118:183-192.

DOI: 10.1016/j.diabres.2016.06.020.

20.Zhang M, Zhou Y, Wang X, Li Y, Wu X. Gentamicin
aggravates renal injury by affecting mitochondrial
dynamics, altering renal transporter expression, and
exacerbating apoptosis. Toxicol Lett. 2025;
412:55-67.

DOI: 10.1016/j.toxlet.2025.07.1418.

21. Abuelezz SA, Hendawy N, Abdel Gawad S.
Alleviation of renal mitochondrial dysfunction and
apoptosis underlies the protective effect of sitagliptin
in gentamicin-induced nephrotoxicity. J Pharm
Pharmacol. 2016;68(4):523-532.

DOI: 10.1111/jphp.12534.

22.Zhang Q, Jia J, He L, Fan Y, Wang N. Sitagliptin
ameliorates ER stress in diabetic kidney disease
through  upregulation of SIRTI1. Diabetic
Nephropathy. 2021;1(1):33-41.

DOI: 10.2478/dine-2021-0007.

23.Mechelinck M, Kupp C, Kriiger JC, Habigt MA,
Helmedag MJ, Tolba RH, ef al. Oxygen inhalation
improves postoperative survival in ketamine-xylazine
anaesthetised rats: an observational study. PLoS One.
2019;14(12):¢0226430,1-14.

DOI: 10.1371/journal.pone.0226430.

24.He H, Mennone A, Boyer JL, Cai SY. Combination
of retinoic acid and ursodeoxycholic acid attenuates
liver injury in bile duct-ligated rats and human
hepatic cells. Hepatology. 2011;53(2):548-557.

DOI: 10.1002/hep.24047.

25.Chang MW, Chen CH, Chen YC, Wu YC, Zhen YY,
Leu S, et al. Sitagliptin protects rat kidneys from
acute ischemia-reperfusion injury via upregulation of
GLP-1 and GLP-1 receptors. Acta Pharmacol Sin.
2015;36(1):119-130.

DOI: 10.1038/aps.2014.98.

26.de Oliveira RB, Graham B, Howlett MCH, Gravina

FS, Oliveira MWS, Imtiaz MS, et al. Ketamine



Akhbari et al. / RPS 2026, 21(5): 605-617

anesthesia helps preserve neuronal viability. J
Neurosci Methods. 2010;189(2):230-232.
DOI: 10.1016/j.jneumeth.2010.03.029.

27.Wang C, Blough ER, Arvapalli R, Dai X, Paturi S,

28.

Manne N, et al. Metabolic syndrome-induced
tubulointerstitial injury: role of oxidative stress and
preventive effects of acetaminophen. Free Radic Biol
Med. 2013;65:1417-1426.

DOI: 10.1016/j.freeradbiomed.2013.10.005.
Mackawa M, Maekawa T, Sasase T, Takagi K,
Takeuchi S, Kitamoto M, et al. Pathophysiological
analysis of uninephrectomized db/db mice as a model
of severe diabetic kidney disease. Physiol Res.
2022;71(2):209-217.

DOI: 10.33549/physiolres.934784.

29. Askaripour M, Najafipour H, Saberi S, Jafari E,

Rajabi S. Daidzein mitigates oxidative stress and
inflammation in the injured kidney of ovariectomized
rats: AT1 and Mas receptor functions. Iran J Kidney
Dis. 2022;16(1):32-43.

DOI: 10.52547/ijkd.6602.

30. Asomadu RO, Ezeorba TPC, Ezike TC, Uzoechina

31.

32.

33.

34.

35.

36.

JO. Exploring the antioxidant potential of endophytic
fungi: a review on methods for extraction and
quantification of total antioxidant capacity (TAC). 3
Biotech. 2024;14(5):127,1-18.

DOI: 10.1007/s13205-024-03970-3.

Abdoli N, Sadeghian I, Mousavi K, Azarpira N,
Ommati MM, Heidari R. Suppression of cirrhosis-
related renal injury by N-acetyl cysteine. Curr Res
Pharmacol Drug Discov. 2020;1:30-38.

DOI: 10.1016/j.crphar.2020.100006.

Ommati MM, Hojatnezhad S, Abdoli N, Manthari
RK, Jia Z, Najibi A, et al. Pentoxifylline mitigates
cholestasis-related cholemic nephropathy. Clin Exp
Hepatol. 2021;7(4):377-389.

DOI: 10.5114/ceh.2021.111014.

Vasavan T, Ferraro E, Ibrahim E, Dixon P, Gorelik J,
Williamson C. Heart and bile acids-clinical
consequences of altered bile acid metabolism.
Biochim Biophys Acta Mol Basis Dis. 2018;1864(4
Pt B):1345-1355.

DOI: 10.1016/j.bbadis.2017.12.039.

Ommati MM, Farshad O, Mousavi K, Taghavi R,
Farajvajari S, Azarpira N, et al. Agmatine
alleviates hepatic and renal injury in a rat model of
obstructive jaundice. PharmaNutrition.
2020;13:100212.

DOI: 10.1016/j.phanu.2020.100212.

Taheri Mirghaed A, Khoshkharam N, Karimi F,
Abdzadeh S, Razazan M, Rahami Z, et al.
Nephroprotective effects of ethanol leaf extract of
Stachys  pilifera  Benth in  alcohol-induced
nephrotoxicity in male rats. Res Pharm Sci.
2025;20(5):723-733.

DOI: 10.4103/RPS.RPS-184-24.

Askaripour M, Najafipour H, Saberi S, Dabiri S,
Iranpour M, Etminan A, et al. Sodium hydrogen
sulfide may not protect the kidney against
ischemia/reperfusion damage in male and female rats.
Res Pharm Sci. 2023;18(3):262-269.

DOI: 10.4103/1735-5362.371582.

616

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Shi W, Zhang D, Wang L, Srecharsha N, Ning Y.
Curcumin synergistically potentiates the protective
effect of sitagliptin against chronic deltamethrin
nephrotoxicity in rats: impact on pro-inflammatory
cytokines and Nrf2/Ho-1 pathway. J Biochem Mol
Toxicol. 2019;33(10):¢22386,1-7.

DOI: 10.1002/jbt.22386.

Mitsuishi Y, Motohashi H, Yamamoto M. The Keap1-
Nrf2 system in cancers: stress response and anabolic
metabolism. Front Oncol. 2012;2:200, 1-13.

DOI: 10.3389/fonc.2012.00200.

Kong L, Deng J, Zhou X, Cai B, Zhang B, Chen X, et
al. Sitagliptin activates the p62-Keap1-Nrf2 signalling
pathway to alleviate oxidative stress and excessive
autophagy in severe acute pancreatitis-related acute
lung injury. Cell Death Dis. 2021;12(10):928,1-11.
DOI: 10.1038/s41419-021-04227-0.

Ashrafizadeh M, Ahmadi Z, Yaribeygi H, Sathyapalan
T, Sahebkar A. Astaxanthin and Nrf2 signaling
pathway: a novel target for new therapeutic
approaches. Mini Rev Med Chem. 2022;22(2):
312-321.

DOI: 10.2174/1389557521666210505112834.

Yoh K, Hirayama A, Ishizaki K, Yamada A,
Takeuchi M, Yamagishi Si, et al. Hyperglycemia
induces oxidative and nitrosative stress and increases
renal functional impairment in Nrf2-deficient mice.
Genes Cells. 2008;13(11):1159-1170.

DOI: 10.1111/j.1365-2443.2008.01234.x.

Murata H, Takamatsu H, Liu S, Kataoka K, Huh NH,
Sakaguchi M. NRF2 regulates PINK/ expression
under oxidative stress conditions. PLoS One.
2015;10(11):e0142438,1-15.

DOI: 10.1371/journal.pone.0142438.

Kim HJ, Vaziri ND. Contribution of impaired Nrf2-
Keapl pathway to oxidative stress and inflammation
in chronic renal failure. Am J Physiol Renal Physiol.
2010;298(3):F662-F671.

DOI: 10.1152/ajprenal.00421.2009.

Beraldo JI, Benetti A, Borges-Junior FA, Arruda-
Junior DF, Martins FL, Jensen L, et al
Cardioprotection conferred by sitagliptin s
associated with reduced cardiac angiotensin
[I/angiotensin-(1-7) balance in experimental chronic
kidney disease. Int J] Mol Sci. 2019;20(8):1940,1-18.
DOI: 10.3390/ijms20081940.

Green BD, Liu HK, McCluskey JT, Duffy NA,
O'Harte FPM, McClenaghan NH, et al. Function of a
long-term, GLP-1-treated, insulin-secreting cell line
is improved by preventing DPP IV-mediated
degradation of GLP-1. Diabetes Obes Metab.
2005;7(5):563-569.

DOI: 10.1111/j.1463-1326.2004.00430.x.

Chou CL, Juan SH, Li CH, Chen HH, Kao CC, Chen
LY, et al. Association between DPP-4 inhibitors and
events of colorectal and liver cancers in patients with
diabetes receiving second-line agents: a nested case-
control study. Front Oncol. 2022;12:840142,1-9.
DOI: 10.3389/fonc.2022.840142.

Marques C, Mega C, Gongalves A, Rodrigues-Santos
P, Teixeira-Lemos E, Teixeira F, et al. Sitagliptin
prevents inflammation and apoptotic cell death in the


https://doi.org/10.33549/physiolres.934784

kidney of type 2 diabetic animals. Mediators
Inflamm. 2014;2014:538737,1-15.
DOI: 10.1155/2014/538737.

48.Jo CH, Kim S, Park JS, Kim GH. Anti-inflammatory
action of sitagliptin and linagliptin in doxorubicin
nephropathy.  Kidney  Blood  Press  Res.
2018;43(3):987-999.

DOI: 10.1159/000490688.

49. Al-Ghamdi AH, Mohamed MZ, Elbadry RM,
Fouad AA. Kidney protective effect of sitagliptin in
5-fluorouracil-challenged rats. Pharmacia.
2024;71:1-5.

DOI: 10.3897/pharmacia.71.e114441.

50. Abdelrahman AM, Al Suleimani Y, Al Za'abi M,

Ashique M, Manoj P, Hartmann C, et al. The

renoprotective effect of the dipeptidyl peptidase-4

inhibitor sitagliptin on adenine-induced kidney disease
in rats. Biomed Pharmacother. 2019;110:667-676.

DOI: 10.1016/j.biopha.2018.11.117.

. Al-Qabbaa SM, Qaboli SI, Alshammari TK, Alamin
MA, Alrajeh HM, Almuthnabi LA, ef al. Sitagliptin
mitigates diabetic nephropathy in a rat model of
streptozotocin-induced type 2 diabetes: Possible role
of PTP1B/JAK-STAT pathway. Int J Mol Sci .
2023;24(7):6532,1-14.

DOI: 10.3390/ijms24076532.

52.Nuransoy A, Beytur A, Polat A, Samdanci E, Sagir

M, Parlakpinar H. Protective effect of sitagliptin

against renal ischemia reperfusion injury in rats. Ren

Fail. 2015;37(4):687-693.

DOI: 10.3109/0886022X.2015.1010991.

Asakawa M, Mitsui H, Akihisa M, Sekine T, Niitsu

Y, Kobayashi A, et al. Efficacy and safety of

sitagliptin for the treatment of diabetes mellitus

complicated by chronic liver injury. Springerplus.
2015;4:346,1-7.

51

53.

617

Sitagliptin protects against cholemic nephropathy

DOI: 10.1186/s40064-015-1135-z.
54.Zhang Y, Cai T, Zhao J, Guo C, Yao J, Gao P, et al.
Effects and safety of sitagliptin in non-alcoholic fatty
liver disease: a systematic review and meta-analysis.
Horm Metab Res. 2020;52(7):517-526.
DOI: 10.1055/a-1186-0841.
Elbarbary NS, Ismail EA, El-Hamamsy MH, Ibrahim
MZ, Elkholy AA. The DPP-4 inhibitor sitagliptin
improves glycaemic control and early-stage diabetic
nephropathy in adolescents with type 1 diabetes using
the MiniMed 780G advanced hybrid closed-loop
system: a randomised controlled trial. Diabetologia.
2024;67(12):2637-2649.
DOI: 10.1007/s00125-024-06265-7.
56. Matsubara J, Sugiyama S, Sugamura K, Nakamura T,
Fujiwara Y, Akiyama E, et al. A dipeptidyl peptidase-
4 inhibitor,  des-fluoro-sitagliptin,  improves
endothelial function and reduces atherosclerotic
lesion formation in apolipoprotein E-deficient mice. J
Am Coll Cardiol. 2012;59(3):265-276.
DOI: 10.1016/j.jacc.2011.07.053.
57.Yang Y, Cuevas S, Yang S, Villar VA, Escano C,
Asico L, et al. Sestrin2 decreases renal oxidative
stress, lowers blood pressure, and mediates
dopamine D2 receptor-induced inhibition of reactive
oxygen  species  production.  Hypertension.
2014;64(4):825-832.
DOLI: 10.1161/HYPERTENSIONAHA.114.03840.
Han D, Kim H, Kim S, Le QA, Han SY, Bae I,
et al. Sestrin2 protects against cholestatic
liver injury by inhibiting endoplasmic reticulum
stress and NLRP3 inflammasome-
mediated pyroptosis. Exp Mol Med. 2022;54(3):
239-251.
DOI: 10.1038/s12276-022-00737-9.

55.

58.




  B W   c h a n g e   ( % ) =     B W 2    ( g )   −   B W 1    ( g )  B W 1    ( g )   × 100   ( 𝟏 )


    K W   i n d e x =   K W   ( m g )  B W   ( g )                                                                                                   ( 𝟐 )


    UACR =     Urine   albumin    (  mg  d L )  Urine   Cr    (  mg  d L )                                                             ( 𝟑 )


  G F R   (   m L  m i n ) =   U c r   (   m g  d L ) × U F (   m L  m i n )  S c r   (   m g  d L )   ( 𝟒 )

