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Abstract: This work aimed to investigate whether treatment with the antidiabetic drug metformin
would affect adenine-induced chronic kidney disease (CKD) in non-diabetic rats and rats with
streptozotocin (STZ)-induced diabetes. Rats were randomly divided into eight groups, and given
either normal feed, or feed mixed with adenine (0.25% w/w, for five weeks) to induce CKD. Some of
these groups were also simultaneously treated orally with metformin (200 mg/kg/day). Rats given
adenine showed the typical signs of CKD that included detrimental changes in several physiolog-
ical and traditional and novel biochemical biomarkers in plasma urine and kidney homogenates
such as albumin/creatinine ratio, N-acetyl-beta-D-glucosaminidase, neutrophil gelatinase-associated
lipocalin, 8-isoprostane, adiponectin, cystatin C, as well as plasma urea, creatinine, uric acid, in-
doxyl sulfate, calcium, and phosphorus. Several indices of inflammation and oxidative stress, and
renal nuclear factor-κB and nuclear factor erythroid 2-related factor 2 levels were also measured.
Histopathologically, adenine caused renal tubular necrosis and fibrosis. The activation of the in-
tracellular mitogen-activated protein kinase signaling pathway was inhibited in the groups that
received metformin and STZ together, with or without adenine induced-CKD. Induction of diabetes
worsened most of the actions induced by adenine. Metformin significantly ameliorated the renal
actions induced by adenine and STZ when these were given singly, and more so when given together.
The results suggest that metformin can be a useful drug in attenuating the progression of CKD in
both diabetic and non-diabetic rats.

Keywords: adenine; chronic kidney disease; diabetes; metformin; rats

1. Introduction

Chronic kidney disease (CKD) refers to a group of chronic progressive diseases that
are characterized by increasing prevalence rates (currently about 14%) and high mortality
that poses serious global threats to human life and health [1]. CKD can progress to end
stage renal disease (ESRD) that requires expensive renal transplantation or dialysis. There
are currently no specific treatments that target the etiologies of CKD, and therefore there
is still a pressing need to search for new agents for this disease, including novel and old
repurposed drugs [2–4].

The adenine-induced CKD model in rats and mice is a commonly used method for
creating a metabolic abnormality that closely mimics the disease in humans. In this model,
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adenine is given to these animals in the feed at different concentrations for variable pe-
riods [5,6]. The excretion of nitrogenous compounds in the adenine-treated animals is
diminished by renal tubular occlusion due to the formation of 2,8-dihydroxyadenine crys-
tals, leading to accumulation of various guanidino compounds (such as methylguanidine
and guanidinosuric acid) and urea nitrogen in blood [7]. Adenine-induced CKD causes
inflammation, oxidative, and nitrosative stress, and alters the composition of the micro-
biota [8–10]. Several drugs and dietary supplements have been tested in this model for
their efficacy against experimental CKD [11,12].

We have previously reported that streptozotocin (STZ)-induced diabetes worsens most
of renal function tests in rats. Administration of adenine (to induce CKD) in STZ-diabetic
rats aggravates further the renal damage induced by adenine alone [13]. Diabetes is also
known to worsen CKD in humans [14].

The biguanide metformin is currently the first-line oral drug for treating type-2 dia-
betes mellitus [15]. It produces its antidiabetic action through several mechanisms [16,17].
Metformin has also been reported to prevent fibrosis in several organs, including the
kidneys [18,19]. In addition to treatment of diabetes, the drug has also been reported to be
beneficial in treating several other diseases and conditions that include lung and breast
cancers [20,21], inflammatory skin disorders [22], and neurological diseases [23].

In the present work, we have tested the possible ameliorative effects of metformin
on adenine-induced CKD in diabetic and non-diabetic rats. While this work was being
prepared for publication, a paper on the effect of metformin on the surgical (subtotal
nephrectomy) model of CKD has been reported in non-diabetic rats [24]. However, as far
as we are aware, the effect of metformin has not been tested before in the adenine model of
CKD in diabetic and non-diabetic rats.

2. Materials and Methods
2.1. Animals

Wistar rats (190–200 g) were obtained from the Small Animal House of the Sultan
Qaboos University and were housed in a room with controlled environment (a temperature
of 22 ± 2 ◦C, relative humidity of about 60%, with a 12 h light–dark cycle), and were
provided ad libitium with additive-free standard diet (Oman Flour Mills, Muscat, Oman),
and tap water.

2.2. Induction of Diabetes

Rats were rendered diabetic by an intraperitoneal (i.p.) injection of STZ (55 mg/kg)
dissolved in 0.1 M citrate buffer (pH 4.5). Other animal groups were injected with citrate
buffer. Seventy-two hours after STZ injection, a drop of blood was taken from the tail vein
and fasting blood glucose level was measured using a blood glucose monitoring system
(One Touch® UltraMini®, Life Scan, Inc., Milpitas, CA, USA). Rats with blood glucose level
>20 mmol/L were considered diabetic. Treatments (for 35 days) were started three weeks
after STZ injection.

2.3. Experimental Design

The animals (n = 48) were randomly distributed into eight equal groups and treated
as follows for 35 consecutive days:

1. Control (CON) group continued to receive the same diet without treatment until the
end of the study.

2. Adenine (A) group was switched to a powdered diet containing adenine (0.25% w/w
in feed given daily).

3. Diabetes (STZ) group was induced by injecting the rats i.p. with STZ, as described above.
4. Adenine + Diabetes (A + STZ) group was treated with adenine and STZ, as mentioned

in the second and third groups.
5. Metformin (MF) group was treated daily by oral gavage with metformin (200 mg/kg/day)

dissolved in distilled water.
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6. Adenine + Metformin (A + MF) group was treated with adenine and metformin as
mentioned in the second and fifth groups.

7. Diabetes + Metformin (STZ + MF) group was treated with STZ and metformin, as
mentioned in the third and fifth groups.

8. Adenine + Diabetes + Metformin (A + STZ + MF) group was treated with adenine,
STZ and metformin, as mentioned in second, third and fifth groups, respectively.

One day before the rats were sacrificed, urine of each rat was collected over a 24-h
period, and its volume measured. Immediately after the end of the treatment period, rats
were anesthetized with a combination of ketamine (75 mg/kg) and xylazine (5 mg/kg)
given i.p. injection. Blood was then collected from the inferior vena cava in heparinized
tubes and centrifuged at 900× g for 15 min, at 4 ◦C to separate plasma. The plasma
harvested was stored frozen at −80 ◦C pending biochemical analyses within 10 to 21 days.
The rats were then sacrificed by an overdose of anesthesia. The kidneys were removed from
the rats, washed with ice-cold saline, blotted with a piece of filter paper, and weighed. A
small piece from the right kidney was fixed in 10% buffered formalin pending histological
analysis. The remainder of the right and left kidneys were individually wrapped in
aluminum foil and then dipped in liquid nitrogen and stored at −80 ◦C, pending analysis
within about one to three weeks.

2.4. Drugs, Chemicals, and Biochemical Analysis

Adenine and STZ were obtained from Sigma (St. Louis, MO, USA). Metformin was a
gift from the National Pharmaceutical Industries (Muscat, Oman). The rest of the chemicals
were of the highest purity grade available. Urea, uric acid, calcium, phosphorus, and
albumin were measured using an automated biochemical analyzer, Mindray BS-120 chem-
istry analyzer, from Shenzhen Mindray Bio-Medical Electronics Co. (Shenzhen, China).
Creatinine, Superoxide dismutase (SOD), glutathione reductase (GR), total antioxidant
capacity (TAC), and N-acetyl-β-D-glucosaminidase (NAG) were measured by colorimet-
ric method, using BioVision kit (Milpitas, CA, USA). Indoxyl sulfate, 8- isoprostane and
nuclear factor erythroid 2-related factor 2 (Nrf2) were measured using ELISA kits from
MyBioSource, Inc. (San Diego, CA, USA). NF-κB (Nuclear Factor-kappa B), 8-hydroxy-
2-deoxy guanosine (8-OHdG) and transforming growth factor (TGF-β1) were measured
using ELISA kit from Cusabio Biotech Co. Ltd. (Wuhan, Hubei, China). The ELISA kits
for measuring cystatin C, interleukin-1β (IL-1β), adiponectin, interleukin-6 (IL-6), and
neutrophil gelatinase-associated lipocalin (NGAL) were obtained from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). Interleukin-10 (IL-10) was measured using ELISA kits
from Abcam (Cambridge, UK). Osmolality was measured by the freezing point depression
method using the Osmomat 3000 osmometer (Gonotec GmbH, Berlin, Germany).

2.5. Histopathological Analysis

Formalin-fixed renal tissues were dehydrated, cleared in xylene and paraffin, and
embedded using standard technique. Sections were cut by a rotary microtome at 4 µm
thickness and were stained by hematoxylin and eosin (to evaluate acute tubular necrosis),
Periodic Acid–Schiff (to assess glomerular integrity) and Picro-Sirius red (to assess intersti-
tial fibrosis). Details of the techniques used were reported before (Ali et al., 2018). Sections
were examined blindly under a light microscope by a histopathologist unaware of the
treatments given. The percentage of renal tubular necrosis was scored by semi-quantitative
method, as previously described by Ali et al., [5], on a scale 0–4 as following; 0 = normal,
no necrosis; 1 < 10%; 2 = 10–25%; 3 = 26–75%; 4 > 75%. Three 40X fields were evaluated
from each kidney section of each animal of the 8 groups and the mean percentage was con-
verted to the score value. Sirius red stained slides were analyzed following the procedure
described by Manni et al. [25]. The slides were examined by Olympus B51X microscope
attached to Olympus DP70 camera, and images were acquired using the x40 objective lens.
Three random images of the renal cortex were acquired from each kidney of each animal
of the eight groups and stored as TIFF 24 bit RGB color image files. Image analysis was
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performed on the stored images using ImageJ® image analysis software. Briefly, the images
were converted into grey scale and the red stained collagen was isolated using the hue
histogram filter available in “Threshold Color” followed by measuring the isolated area
as a percentage. Fibrosis index (%) assessed the collagen content of the tissues [26,27], by
calculating the ratio of the mean Sirius red-stained positive area to the mean whole area of
each section for each animal.

2.6. Western Blotting

The activation of the signaling pathway of intracellular mitogen-activated protein
kinase (MAPK) was assessed by western blotting as described before [28].

2.7. Statistical Analysis

Data were given as mean ± SEM and were analyzed by one-way analysis of vari-
ance followed by Bonferroni’s multiple comparison test (GraphPad Prism version 5.03,
San Diego, CA, USA); p < 0.05 was considered statistically significant.

3. Results
3.1. Physiological Data

Table 1 shows some physiological data of all the groups of rats in the experiment.
metformin, adenine, and STZ, given either separately or together, significantly decreased
the weight gain of rats, and significantly increased the absolute and relative kidney weight,
feed, and water intake and urine output.

Figure 1 depicts the concentrations of fasting blood glucose (FBG) in rats following
treatments with either adenine, STZ, or metformin, each given separately or in combination.
STZ significantly increased the FBG, and treatment with adenine alone did not cause a
significant affect. Rats that received STZ, with or without adenine had significantly higher
FBG concentration when compared with the control rats, and with rats treated with adenine
alone. The FBG level was significantly decreased in diabetic rats treated with metformin
alone, and with metformin plus adenine.

3.2. Renal Variables

Table 2 shows the effects of treatments with adenine, STZ, and metformin, given
singly or together on some renal function tests in plasma. Compared with controls, rats fed
adenine had significantly higher urea, creatinine, uric acid, and phosphorus, and lower
calcium concentrations. STZ given alone or with adenine had similar biochemical changes
to that of adenine, except that both phosphorus and calcium were significantly increased in
diabetic rats. Results in the group receiving metformin alone did not significantly differ
from that of the control. Treatment with metformin significantly reduced the effects of
adenine and STZ (either given singly or together). The effect of treatment with adenine,
STZ, or their combinations, on some urinary parameters are shown in Table 3. Adenine
and STZ treatments significantly increased albumin/creatinine levels, as well NAG activity,
and significantly decreased osmolality and creatinine clearance. In normal rats, metformin
treatment was without significant action on any of these indices. When metformin was
given together with either adenine or STZ, or both of them, the changes in the measured
analytes were significantly abated.
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Figure 1. The fasting blood glucose level in control rats, and rats treated with metformin (MF),
adenine (A) and streptozotocin (STZ) alone or in combination. Each column and vertical bar represent
mean ± SEM (n = 6). Differences between the groups were assessed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison test, where p < 0.05. a denotes significant
difference between control group vs. different groups; b denotes significant difference between the
group given A alone vs. other groups treated with A; c denotes significant difference between the
group given STZ alone vs. other groups treated with STZ; d denotes significant difference between
the group given A + STZ vs. other groups treated with A + STZ; e denotes significant difference
between the group given MF only vs. other groups treated with MF.

Effect of metformin treatment on some plasma cytokines (IL-1β, IL-6, IL-10, and TGF
-β1) in STZ diabetic and non-diabetic rats with adenine-induced CKD are shown in Table 4.
Metformin alone had no significant effect on the parameters measured. Treatments of rats
with adenine or STZ significantly increased the concentrations of these parameters when
compared with the controls or the metformin-treated rats. This action was augmented
further when adenine and STZ were given together. Treatment with metformin alone
significantly reduced the actions of adenine or STZ on the measured cytokines. Treatment
with metformin in rats that have been given both adenine and STZ significantly reduced
the concentrations of the four parameters measured, when compared with values obtained
from the rats treated either with adenine or STZ, alone or in combination.

As shown in Table 5, treatment with both adenine and STZ (each given singly) signifi-
cantly decreased the renal oxidative stress biomarkers (GR, SOD, and CAT), and increased
that of 8-isoprostane and 8-OHdG in plasma, when compared with their values in the
control or the metformin-treated group. Combination of these two agents significantly
aggravated this action. Treatment with metformin in combination with either adenine or
STZ, or both of them, has significantly alleviated these effects.
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Table 1. Effect of metformin (MF) treatment on some physiological parameters in diabetic and non-diabetic rats with adenine (A)-induced chronic kidney disease (CKD).

Parameters/Treatments Control A STZ A + STZ MF A + MF STZ + MF A+ MF + STZ

Body weight Change (%) 14.97 ±0.86 0.26 ± 0.91 a −26.69 ±3.63 a −27.55 ±3.89 a,b 2.81 ± 0.92 2.78 ±3.02 −17.47 ± 1.78 a,e −19.43 ± 5.70 a,b,e

Relative kidney weight (%) 0.57 ± 0.02 0.94 ± 0.03 a 0.98 ± 0.03 a 1.40 ± 0.07 a,b,c 0.58 ± 0.03 0.60 ± 0.04 b 0.84 ± 0.02 e 1.07 ± 0.18 a,e

Water intake (mL) 19.33 ± 1.05 51.0 ±1.91 a 109.17 ± 4.27 a 132.0 ± 10.80 a,b 13.33 ± 1.93 14.67 ± 1.09 b 42.17 ± 5.48 a,c,e 72.33 ± 7.20 a,c,d,e

Urine output (mL) 11.83 ± 0.83 40.33 ± 0.76 a 92.33 ± 2.17 a 111.0 ± 9.07 a,b 6.25 ± 0.57 9.08 ± 0.58 b 29.67 ±4.36 a,c,e 35.83 ± 5.79 a,c,d,e

Values in the table are means ± SEM (n = 6). Diabetes was induced by a single streptozotocin (STZ) intraperitoneal injection (55 mg/kg) on the first day of the experiment, three weeks later CKD was induced by
feeding A (0.25%) for 35 days, and MF (200 mg/kg) was concurrently given orally to rats. On the 35th day of A and MF treatment, the rats were placed in metabolic cages to collect urine. Differences between the
groups were assessed by one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test, where p < 0.05. a denotes significant difference between control group vs. different groups;
b denotes significant difference between the group given A alone vs. other groups treated with A; c denotes significant difference between the group given STZ alone vs. other groups treated with STZ; d denotes
significant difference between the group given A + STZ vs. other groups treated with A + STZ; e denotes significant difference between the group given MF only vs. other groups treated with MF.

Table 2. Effect of metformin (MF) treatment on some plasma parameters in diabetic and non-diabetic rats with adenine (A)-induced chronic kidney disease (CKD).

Parameters/Treatments Control A STZ A + STZ MF A + MF STZ + MF A+ STZ + MF

Urea (mmol/L) 3.0 ± 0.61 18.0 ± 1.57 a 14.1 ± 1.56 a 24.2 ± 3.32 a 1.1 ± 0.18 5.8 ± 1.38 b 5.4 ± 1.26 c 7.8 ± 1.54 b–e

Creatinine(µmol/L) 20.5 ± 1.6 58.2 ± 5.1 a 50.3 ± 8.8 a 61.9 ± 5.4 a 11.7 ± 2.5 37.3 ± 6.3 b,d,e 32.5 ± 5.4 d,e 38.2 ± 4.5 b,d,e

Uric acid (µmol/L) 20.8 ± 1.2 52.4 ± 6.9 a 35.4 ± 1.7 a 52.9 ± 3.3 a,c 26.4 ± 4.2 a 23.3 ± 2.8 b 19.8 ± 2.4 c 23.9 ± 3.0 b–,d

Phosphorus (mmol/L) 0.54 ± 0.08 1.52 ± 0.19 a 0.97 ± 0.28 1.42 ± 0.18 a 0.66 ± 0.07 0.71 ± 0.12 b 0.70 ± 0.10 0.80 ± 0.05 b,d

Calcium (mmol/L) 0.80 ± 0.08 0.37 ± 0.11 a 0.54 ± 0.04 a 0.47 ± 0.10 a 0.81 ± 0.06 a 0.53 ± 0.05 a,e 0.64 ± 0.05 0.57 ± 0.06
IS (µmol) 4.2 ± 0.30 34.8 ± 1.68 a 19.6 ± 1.20 a 39.2 ± 1.81 a,c 4.1 ± 0.24 a 22.4 ± 1.09 a,b 14.4 ± 0.94 a,c 31.9 ± 2.40 a,d,e

Adiponectin (µg/mL) 3.39 ± 0.14 8.91 ± 0.86 a 6.56 ± 0.22 a 9.11 ± 0.80 a,c 2.56 ± 0.42 4.44 ± 0.41 b 4.49 ± 0.26 5.51 ± 0.61 b,d,e

Cystatin C (ng/mL) 9.63 ± 1.66 25.0 ± 2.45 a 14.2 ± 1.43 24.3 ± 2.11 a,c 7.01 ± 0.73 12.0 ± 2.12 b,e 7.39 ± 1.03 11.4 ± 2.14 b,d

NGAL (ng/mL) 27.9 ± 2.17 80.1 ± 7.61 a 44.8 ± 2.76 a 74.3 ± 3.92 a,c 23.3 ± 0.95 40.7 ± 1.62 b,e 29.3 ± 3.55 36.0 ± 3.12 b,d

Values in the tables are means ± SEM (n = 6). Diabetes was induced by a single streptozotocin (STZ) intraperitoneal injection (55 mg/kg) on the first day of the experiment, three weeks later CKD was induced by
feeding A (0.25%) for 35 days, and MF (200 mg/kg) was concurrently given orally to rats. On the 36th day of treatment, the rats were sacrificed to collect plasma. NGAL: Neutrophil gelatinase-associated
lipocalin; IS: Indoxyl sulfate. Differences between the groups were assessed by one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test, where p < 0.05. a denotes significant
difference between control group vs. different groups; b denotes significant difference between the group given A alone vs. other groups treated with A; c denotes significant difference between the group given
STZ alone vs. other groups treated with STZ; d denotes significant difference between the group given A + STZ vs. other groups treated with A + STZ; e denotes significant difference between the group given MF
only vs. other groups treated with MF.
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Table 3. Effect of metformin (MF) treatment on some urine parameters in diabetic and non-diabetic rats with adenine (A)-induced chronic kidney disease (CKD).

Parameters/Treatments Control A STZ A + STZ MF A + MF STZ + MF A+ MF + STZ

Creatinine (µmol/L) 4258.7 ± 80.5 908.3 ± 166.7 a 294.3 ± 28.7 a 150.7 ± 38.2 a,c 5326.2 ± 317.6 3578.2 ± 269.5 b 2209.7 ± 660.2 a,c,d 2390 ± 408.5 a–d

Creatinine clearance
(mL/min) 1.77 ± 0.22 0.44 ± 0.08 a 0.5 ± 0.14 a 0.18 ± 0.03 a 2.67 ± 0.66 0.85 ± 0.30 e 1.40 ± 0.52 e 1.56 ± 0.03 a,d,e

Albumin/creatinine
ratio (mg/µmol) 0.52 ± 0.03 4.2 ± 0.7 a 3.23 ± 0.32 5.97 ± 2.48 a 0.69 ± 0.05 0.74 ± 0.10 b 1.61 ± 0.47 1.30 ± 0.58 b,d,e

Osmolality
(mOsmol/kg) 2125.0 ± 74 421.0 ± 25 a 752.3 ± 37 a 527.8 ± 58 a 2174.7 ± 91 1247.0 ± 110 a,b,e 1478.0 ± 92 a,c,e 1254.3 ± 32 a–e

NAG activity
(nmol/min/mL) 4.42 ± 0.50 22.01 ± 1.99 a 14.42 ± 0.68 a 23.74 ± 2.48 a,c 3.99 ± 0.31 8.86 ± 1.03 b,e 7.74 ± 0.67 c 10.55 ± 1.25 a,b,d,e

Values in the tables are means ± SEM (n = 6). Diabetes was induced by a single streptozotocin (STZ) intraperitoneal injection (55 mg/kg) on the first day of the experiment, three weeks later CKD was
induced by feeding A (0.25%) for 35 days, and MF (200 mg/kg) was concurrently given orally to rats. On the 35th day of A and MF treatment, the rats were placed in metabolic cages to collect urine. NAG =
N-acetyl-beta-D-glucosaminidase. Differences between the groups were assessed by one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test, where p < 0.05. a denotes
significant difference between Control group vs. different groups; b denotes significant difference between A given alone vs. other groups treated with A; c denotes significant difference between STZ given alone
vs. other groups treated with STZ; d denotes significance of A + STZ alone group vs. other groups treated with A + STZ; e denotes significance of MF given alone vs. other groups treated with MF.

Table 4. Effect of metformin (MF) treatment on some plasma cytokines in diabetic and non-diabetic rats with adenine (A)-induced chronic kidney disease (CKD).

Parameters/Treatments Control A STZ A + STZ MF A + MF STZ + MF A + STZ+ MF

IL-1β (pg/mL) 47.4 ± 1.4 158.8 ± 10.5 a 66.8 ± 2.7 174.4 ± 14.4 a,c 30.6 ± 0.9 65.5 ± 4.4 b,e 49.6 ± 3.3 88.7 ± 3.1 a,b,d,e

IL-6 (pg/mL) 49.9 ± 3.9 151.9 ± 5.2 a 110.3 ± 5.8 a 166.6 ± 8.1 a 42.1 ± 8.4 100.6 ± 10.4 a,b,e 63.4 ± 5.2 c 101.9 ± 5.8 a,b,d,e

IL-10 (pg/mL) 630.2 ± 19.3 216.8 ± 10.8 a 360.8 ± 26.9 a 238.2 ± 16.7 a 674 ± 26.0 444.2 ± 30.4 a,b,e 495.8 ± 19.8 a,c,e 399.4 ± 20.2 a–e

TGF-β1 (ng/mL) 32.8 ± 1.0 73.4 ± 3.6 a 51.1 ± 1.6 a 74.8 ± 3.6 a,b,c 30.1 ± 1.6 a 50.3 ± 4.8 a,b,e 33.7 ± 1.6 c 53.8 ± 0.8 a,b,d,e

Values in the tables are means ± SEM (n = 6). Diabetes was induced by a single streptozotocin (STZ) intraperitoneal injection (55 mg/kg) on the first day of the experiment, three weeks later CKD was induced
by feeding A (0.25%) for 35 days, and MF (200 mg/kg) was concurrently given orally to rats. The plasma was collected 24 h last treatment and used to measure the above. IL-1β = Interleukin-1beta; IL-6 =
Interleukin-6; IL-10 = Interleukin-10; TGF-β1 = Transforming growth factor beta-1. Differences between the groups were assessed by one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple
comparison test, where p < 0.05. a denotes significant difference between control group vs. different groups; b denotes significant difference between the group given A alone vs. other groups treated with A;
c denotes significant difference between the group given STZ alone vs. other groups treated with STZ; d denotes significant difference between the group given A + STZ vs. other groups treated with A + STZ;
e denotes significant difference between the group given MF only vs. other groups treated with MF.
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Table 5. Effect of metformin (MF) treatment on oxidative status in diabetic and non-diabetic rats with adenine (A)-induced chronic kidney disease (CKD).

Parameters/Treatments Control A STZ A + STZ MF A + MF STZ + MF A + MF + STZ

Renal GR
(nmol/min/mL) 80.0 ± 2.8 24.7 ± 1.5 a 42.7 ± 5.4 a 38.3 ± 4.9 a 91.6 ± 3.2 57.9 ± 6.4 a,b,e 63.2 ± 3.6 e 53.1 ± 2.9 a,b,d,e

Renal SOD
(% relative activity) 100 ± 0.0 34.8 ± 1.8 a 42.1 ± 6.5 a 29.6 ± 2.4 a 115.6 ± 3.1 77.7 ± 5.4 a,b,e 78.6 ± 3.3 a,c,e 52.1 ± 3.8 a,b,d,e

Renal TAC (nmol/µL) 0.85 ± 0.06 0.30 ± 0.01 a 0.43 ± 0.02 a 0.29 ± 0.02 a 1.10 ± 0.04 a 0.70 ± 0.06 b,e 0.79 ± 0.07 c,e 0.69 ± 0.04 b–e

Plasma 8-OHdG
(ng/mL) 0.23 ± 0.02 1.06 ± 0.07 a 2.76 ± 0.18 a 4.53 ± 0.33 a,b,c 0.25 ± 0.02 a 0.59 ± 0.03 1.26 ± 0.12 a,c,e 2.26 ± 0.19 a,b,e

Plasma 8-Isoprostane
(ng/mL) 6.5 ± 0.06 16.4 ± 0.83 a 19.4 ± 0.85 a 21.2 ± 1.30 a,b,c 6.9 ± 0.07 a 11.7 ± 0.62 13.7 ± 0.81 a,c,e 16.4 ± 0.47 a,b,e

Values in the tables are means ± SEM (n = 6). Diabetes was induced by a single streptozotocin (STZ) intraperitoneal injection (55 mg/kg) on the first day of the experiment, three weeks later CKD was induced by
feeding A (0.25%) for 35 days, and MF (200 mg/kg) was concurrently given orally to rats. The kidneys were collected 24 h last treatment and used to measure the above. GR = Glutathione reductase, SOD =
Superoxide dismutase, TAC = Total antioxidant capacity, 8-OHdG = 8-hydroxy-2-deoxy guanosine. Differences between the groups were assessed by one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test, where p < 0.05. a denotes significant difference between control group vs. different groups; b denotes significant difference between the group given A alone vs. other
groups treated with A; c denotes significant difference between the group given STZ alone vs. other groups treated with STZ; d denotes significant difference between the group given A + STZ vs. other groups
treated with A + STZ; e denotes significant difference between the group given MF only vs. other groups treated with MF.
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Figure 2 depicts the effects of treatment with adenine, STZ, and metformin, each
given singly or in combination, on the levels of NF-κB or Nrf2 in the renal homogenates.
Nrf2, was found to be significantly decreased in adenine-treated rats, and in rats with
STZ-induced diabetes. Concomitant treatment with metformin in these latter groups was
significantly effective in ameliorating the decrease in Nrf2 level. The opposite actions were
noted with NF-κB level in all the experimental groups.
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significant difference between the group given MF only vs. other groups treated with MF.

3.3. Histopathology Results

Table 6 and Figures 3–5 show the effect of metformin (MF) administration on histopath-
ology of kidney section of diabetic and non-diabetic rats with adenine-induced CKD.
Examined renal tissue sections from rats in group 1 (control) showed normal structures and
architecture of renal tissue with intact glomeruli and renal tubules (0.00 ± 0.0%, Score 0)
(Figure 3A). Sections in group 2 (adenine) showed cystic dilatation of multiple renal tubules,
renal tubular necrosis in 81.1 ± 2.22% of the examined tissue areas (Score 4) with pyknotic
nuclei, marked basophilia, and dilatation of Bowman’s capsule (Figure 3B). Examined renal
tissues from rats in group 3 (STZ) exhibited cystic dilation of few renal tubules (20.6 ± 2.0%,
Score 2) (Figure 3C). Examined renal tissue sections from rats in group 4 (adenine + STZ)
revealed renal tubular necrosis, cystic dilatation of renal tubules, and cellular casts in renal
tubules (78.9 ± 3.30%, Score 4) (Figure 3D). Tissue sections of group 5 (metformin) showed
normal glomerulus and renal tubules (0.6 ± 0.56%, Score 0) (Figure 3E). In group 6 (adenine
+ metformin) the kidney sections revealed renal tubular dilatations and tubular necrosis
with marked basophilia (48.9 ± 1.41%, Score 3) (Figure 3F). Examined sections of rats in
group 7 (STZ + MF) exhibited normal histological structures of the majority of the renal
tubules, intact glomeruli, and few dilated tubules (7.8 ±1.11%, Score 1) (Figure 3G). Renal
tissues of animals in group 8 (adenine + STZ + metformin) showed normal renal tubules
and intact glomeruli with few dilated tubules (0.00 ± 0.0%, Score 0) (Figure 3H).
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Table 6. Effect of metformin (MF) treatment on histopathological assessment of kidney sections in
diabetic and non-diabetic rats with adenine (A)-induced chronic kidney disease (CKD).

Assessment/
Treatment

Acute Tubular Necrosis
Fibrosis Index %

Percentage (%) Lesion Score

Control 0.00 ± 0.0 0 5.2
A 81.1 ± 2.22 a 4 34.3

STZ 20.6 ± 2.00 a 2 13.4
A + STZ 78.9 ± 3.30 c 4 33.2

MF 0.6 ± 0.56 0 7.2
A + MF 48.9 ± 1.41 a,b,e 3 26.2

STZ + MF 7.8 ± 1.11 a,c,e 1 6.8
A + STZ + MF 0.00 ± 0.0 b,c,d 0 6.3

Values in the tables are mean ± SEM (n = 6). Diabetes was induced by a single intraperitoneal injection of
streptozotocin (STZ) (55 mg/kg) on the first day of the experiment, three weeks later CKD was induced by
feeding A (0.25%) for 35 days, and MF (200 mg/kg) was concurrently given orally to rats. On the 36th day of
treatment, the rats were sacrificed to collect kidney. Differences between the groups were assessed by one-way
analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test, a denotes significant difference
between control group vs. different groups; b denotes significant difference between the group given A alone vs.
other groups treated with A; c denotes significant difference between the group given STZ alone vs. other groups
treated with STZ; d denotes significant difference between the group given A + STZ vs. other groups treated with
A + STZ; e denotes significant difference between the group given MF only vs. other groups treated with MF.

The scores of the renal tubular necrosis and the fibrosis index percentage are summa-
rized in Table 6.

Picro-Sirius red-stained renal tissues from different groups showed the distribution of
Sirius red-stained fibrotic areas fibers and yellow non-collagen structures (Figure 4A–H).

Periodic Acid–Schiff (PAS) stained renal tissues showed tubular atrophy (Figure 5A–H).
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Figure 3. Representative light microscopy images of H&E-stained kidneys sections (Bar = 100 µm). (A) Control group
showing normal structures and architecture of renal tissue with intact glomeruli and renal tubules (Score 0); (B) rats treated
with adenine (A) showing cystic dilatation of multiple renal tubules (asterisks), renal tubular necrosis with pyknotic nuclei
(arrowheads), marked basophilia, and dilatation of bowman’s capsule (arrow) (Score 4); (C) rats treated with streptozotocin
(STZ)-induced diabetes showing group cystic dilation of few renal tubules (asterisk) (Score 2); (D) rats treated with adenine
and STZ showing, renal tubular necrosis (arrowheads), cystic dilatation of renal tubules (asterisks), and cellular casts in
renal tubules (arrow) (Score 4); (E) rats treated with metformin (MF) showing normal glomerulus and renal tubules (Score
0); (F) rats treated with adenine and MF showing renal tubular dilatations (asterisks) and tubular necrosis with marked
basophilia (arrowhead) (Score 3); (G) rats treated with STZ and MF showing normal histological structures of the majority
of the renal tubules, intact glomeruli and few dilated tubules (asterisk) (Score 1); (H) rats treated with adenine, STZ and MF
showing normal renal tubules and intact glomeruli with few dilated tubules (Score 0).



Biomolecules 2021, 11, 814 12 of 18

Biomolecules 2021, 11, 814 11 of 18 
 

Picro-Sirius red-stained renal tissues from different groups showed the distribution 
of Sirius red-stained fibrotic areas fibers and yellow non-collagen structures (Figure 4A–
H). 

 
Figure 4. Representative photographs of Picro-Sirius red staining on sections of renal tissues (Bar = 100μm) from control 
rats and rats treated with adenine (A), streptozotocin (STZ), and metformin (MF), alone or in combination. (A) Control 
and (E) MF groups showed normal kidney architecture and histology. (B) adenine (A,C) STZ showed stained fibrotic areas 
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Figure 4. Representative photographs of Picro-Sirius red staining on sections of renal tissues (Bar = 100 µm) from control
rats and rats treated with adenine (A), streptozotocin (STZ), and metformin (MF), alone or in combination. (A) Control and
(E) MF groups showed normal kidney architecture and histology. (B) adenine (A,C) STZ showed stained fibrotic areas fibers
(arrowheads) and yellow non-collagen structures. (D) A + STZ groups showed changes in normal kidney architecture and
histology. (F) The A + MF group showed fibrotic areas fibers (arrowheads). (G) STZ + MF and (H) A + STZ + MF groups
showed an improvement in the histologic appearance and a significant decrease in fibrotic areas fibers when compared with
the STZ and A + STZ group, respectively.
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Figure 5. Representative photographs of Periodic Acid–Schiff (PAS) staining on sections of renal tissues (Bar = 100 µm) from
control rats and rats treated with adenine (A), streptozotocin (STZ), and metformin (MF), alone or in combination. Control
rats and rats treated with MF only ((A,E), respectively) showed normal renal histology. (B) Adenine (A,D) A + STZ alone
treated groups shows tubular atrophy represented by a thickened tubular basement membrane (arrow) stained positive
(magenta red). (C) STZ (STZ) group shows only a slight change in tubular atrophy, when compared to control group. (F)
Adenine-MF (A + MF) group showing a thickened tubular basement membrane (arrow). (G) STZ + MF and (H) A + STZ +
MF groups showed improvement in the histologic appearance and a significant decrease in tubular atrophy.
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3.4. Western Blotting

The results of the western blot analysis of rat kidney homogenates (Figure 6) show the
intensity of the phosphorylated MAPK on both sites (p44 and p42). Adenine significantly
increased the levels of the MAPK, notably on the p44 site, and this effect was significantly
reduced when both metformin and STZ were given together. The phosphorylation on p42
site was apparent in control, and metformin treated rats.
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Figure 6. The renal concentration of phospho-p44 or phospho-p42 mitogen-activated protein kinase
(MAPK) in control (CON) rats, and those treated with adenine (A, 0.25% w/w in feed), streptozotocin
(STZ, 55 mg/kg by intraperitoneal injection), metformin (MF, 200 mg/kg/day), or a combination
of these treatments. Each vertical column with bar represents the mean ± SEM (from 6 rats in each
group). Differences between the groups were assessed by one-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test, where p < 0.05 was considered significant.
a denotes significant difference between control group vs. different groups; b denotes significant
difference between the group given A alone vs. other groups treated with A; c denotes significant
difference between the group given STZ alone vs. other groups treated with STZ; d denotes significant
difference between the group given A + STZ vs. other groups treated with A + STZ; e denotes
significant difference between the group given MF only vs. other groups treated with MF.

4. Discussion

The present results showed that the rats that have been fed a diet mixed with adenine
exhibited all the previously reported physiological, biochemical, histopathological, and
molecular effects that occur in adenine-induced CKD [5,10]. The results also confirmed
that STZ-induced diabetes aggravated these actions in rats with adenine-induced CKD [13].
We have experimentally shown here that metformin treatment significantly mitigates the
actions of CKD in diabetic and non-diabetic rats.

In the present work we have used metformin at a dose of 200 mg/kg/day, which
is known to be a safe dose for rats and does not elevate lactate concentration in the
blood [29,30]. Metformin at this dose did not cause any significant alterations in renal
function or structure. Similar findings have been found by others before [31].
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Metformin significantly elevated urinary albumin/creatinine ratio in rats with adenine-
induced CKD and STZ-induced rats. The mechanism of this action was not certain, but
it is possibly related to change in glomerular filtration, decreased blood glucose levels,
blood pressure, and degree of insulin resistance and/or renal proximal tubular impair-
ment [32]. NAG is a hydrolytic lysosomal enzyme, found predominantly in the proximal
tubules [33] and is considered one of the most important and commonly used indices
of tubular damage, mainly because NAG assays are sensitive enough to allow dilution
of the urine, thus overcoming any enzyme inhibition [34,35]. NAG activity in urine was
significantly increased by adenine and STZ when given singly or together. In rats given
adenine and STZ (singly or together), metformin treatment was effective in significantly
mitigating the increased NAG activity. Urine osmolality was markedly and significantly
decreased in rats with adenine-induced CKD, and this was mitigated by metformin. It has
been shown that sustained high urine volume and low urinary osmolality are independent
risk factors for quicker decline in glomerular filtration rate in patients with CKD [36,37].
Metformin significantly mitigated the actions of adenine and STZ, which is in line of the
report of Efe et al. [38].

Increased production of reactive oxygen species (ROS) and/or reduced antioxidant
defense capacity), apoptosis, and inflammation are established to be involved in the
pathogenesis of CKD in humans and experimental animals [5,39–41]. Imbalances in the
ROS are known to be important drivers in the inflammatory process [42]. These actions
may be the underlying basis of the consequent cardiovascular and other health outcomes
of CKD [43,44]. Treatment with adenine in this work caused the expected and previously
reported actions on the biomarkers of oxidative stress and inflammation in plasma, urine,
and kidney homogenates [8,45]. Our present results indicated that metformin treatment
significantly increased the plasma concentration of the indices of the oxidative stress and
reduced the pro-inflammatory mediators. These actions support the reports that metformin
is a strong antioxidant and anti-inflammatory agent [22,45].

Notable among the biochemical findings in the present work is that adenine feeding
significantly increased the key profibrotic growth factor TGF-β1 level in the kidneys. In
a previous work, we have shown that TGF-β1 is also increased in other tissues, such as
gastrointestinal mucosa [9,46]. This has also been reported by others [47]. TGF-β1 signaling
pathway is established to be activated in CKD and promote renal fibrosis [48]. In this work,
metformin significantly antagonized the increase in TGF-β1. This property of metformin
was reported before [49]. This action of metformin may explain the decreased level of
renal fibrosis seen histopathologically in this work. Metformin direct renoprotective action,
independent of its glucose lowering effect, has been reported before in other models of
renal disease such as peri-renal adipose inflammation-induced renal dysfunction [50], and
unilateral ureteral obstruction [51].

The transcription factor Nrf2, is known to regulate the expression of more than 200 cy-
toprotective genes encoding antioxidant proteins, induce antioxidant enzymes to respond
to oxidative stress, and antagonize oxidative and inflammatory damage [42,52]. NF-κB is a
nuclear transcription factor that has a significant role in many pathophysiological processes
that includes inflammation, oxidative stress, immune reaction, and apoptosis [53]. In this
work, renal Nrf2, measured by an ELISA method, was found to be significantly decreased
in adenine-treated rats, and in rats with STZ-induced diabetes. Concomitant treatment with
metformin in these latter groups was significantly effective in ameliorating the decrease
in Nrf2 level. The opposite was found with NF-κB level in all the experimental groups.
This finding is in line with the results of indices of oxidative stress and inflammation in
these groups.

In the present adenine model of CKD, metformin produced a similar ameliorative
action as in the subtotal nephrectomy model of CKD [24]. However, in this investigation we
extended our study by including diabetic and non-diabetic rats. Further, we used here more
traditional and novel biomarkers to assess the effect of metformin on adenine-induced
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CKD. The latter included indoxyl sulfate, which is a reliable uremic toxin, especially for
early-stage CKD [54], and 8-OHdG [55].

It has recently been reported that in non-diabetic mice with partial nephrectomy-
induced CKD, metformin protects against experimental acute kidney disease (AKI) but
not against AKI-CKD progression [56]. It was found in a retrospective analysis that type-2
diabetic patients with CKD stage 5 who took metformin were less likely to develop ESRD
than those who do not use it [57]. More recently, a systematic and meta-analysis concluded
that taking metformin is associated with significantly less risks of all-cause mortality and
cardiovascular events in type-2 diabetic patients with mild to moderate CKD [12].

It is well known that inflammation and apoptosis are regulated by MAPK pathway.
We assessed the role of metformin on MAPK activation by determining the phosphorylation
of ERK1/2 at p44 and p42 sites. Adenine-induced CKD resulted in activation of MAPK
treatment, and when it was given to animals with metformin, the phosphorylation of
MAPK p44 in renal tissue was significantly mitigated. Thus, there was attenuation of
apoptosis and inflammation in renal tissue of animals that were treated with metformin.
Therefore, we concluded that metformin alleviated kidney inflammation and apoptosis
protecting against adenine induced-CKD via inhibiting NF-κB p65 and MAPK signaling
pathways, and that their increased levels are associated with injured kidneys [58].

A limitation of this study is that it used one dose of metformin (based on previously-
published literature). Using three or more doses would have provided useful dose response
data for all the analytes measured here. However, this was not feasible due to technical and
financial limitations. Notwithstanding this limitation, the study has shown, using various
biochemical, histopathological, histochemical, and molecular techniques, that metformin,
at the dose used, was effective in mitigating the actions of adenine-induced CKD in diabetic
and non-diabetic rats.
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15. Gökçay Canpolat, A.; Şahin, M. Glucose lowering treatment modalities of type 2 diabetes mellitus. Adv. Exp. Med. Biol. 2021,
1307, 7–27.

16. Horakova, O.; Kroupova, P.; Bardova, K.; Buresova, J.; Janovska, P.; Kopecky, J.; Rossmeisl, M. Metformin acutely lowers blood
glucose levels by inhibition of intestinal glucose transport. Sci. Rep. 2019, 9, 1–11. [CrossRef] [PubMed]

17. Mostafa, D.K.; Khedr, M.M.; Barakat, M.K.; Abdellatif, A.A.; Elsharkawy, A.M. Autophagy blockade mechanistically links proton
pump inhibitors to worsened diabetic nephropathy and aborts the renoprotection of metformin/enalapril. Life Sci. 2021, 265,
118818. [CrossRef] [PubMed]

18. Satriano, J.; Sharma, K.; Blantz, R.C.; Deng, A. Induction of AMPK activity corrects early pathophysiological alterations in the
sub-total nephrectomy model of chronic kidney disease. Am. J. Physiol. Renal Physiol. 2013, 30, F727–F733. [CrossRef] [PubMed]

19. De Broe, M.E.; Jouret, F. Does metformin do more benefit or harm in chronic kidney disease patients? Kidney Int. 2020, 98,
1098–1101. [CrossRef]

20. Jones, V.C.; Dietze, E.C.; Jovanovic-Talisman, T.; McCune, J.S.; Seewaldt, V.L. Metformin and chemoprevention: Potential for
heart-healthy targeting of biologically aggressive breast cancer. Front. Public Health 2020, 8, 509714. [CrossRef]

21. Hassanabad, A.F.; MacQueen, K.T. Molecular mechanisms underlining the role of metformin as a therapeutic agent in lung
cancer. Cell. Oncol. 2021, 44, 1–18. [CrossRef]

22. Chang, J.-E.; Choi, M.S. A Molecular perspective on the potential benefits of metformin for the treatment of inflammatory skin
disorders. Int. J. Mol. Sci. 2020, 21, 8960. [CrossRef]

23. Demaré, S.; Kothari, A.; Calcutt, N.A.; Fernyhough, P. Metformin as a potential therapeutic for neurological disease: Mobilizing
AMPK to repair the nervous system. Expert Rev. Neurother. 2021, 21, 45–63. [CrossRef]

24. Borges, C.M.; Fujihara, C.K.; Malheiros, D.M.A.C.; de Ávila, V.F.; Formigari, G.P.; de Faria, J.B.L. Metformin arrests the progression
of established kidney disease in the subtotal nephrectomy model of chronic kidney disease. Am. J. Physiol. Physiol. 2020, 318,
F1229–F1236. [CrossRef] [PubMed]

25. Manni, M.L.; Czajka, C.A.; Oury, T.D.; Gilbert, T.W. Extracellular matrix powder protects against bleomycin-induced pulmonary
fibrosis. Tissue Eng. Part A 2011, 17, 2795–2804. [CrossRef]

26. Lopez-De, L.; Rojkind, M. A simple micro method for collagen and total protein determination in formalin-fixed paraf-fin-
embedded sections. J. Histochem. Cytochem. 1985, 33, 737–743. [CrossRef] [PubMed]

27. Gascon-Barre, M.; Huet, P.M.; Belgiorno, J.; Plourde, V.; Coulombe, P.A. Estimation of collagen content of liver specimens.
Varia-tion among animals and among hepatic lobes in cirrhotic rats. J. Histochem. Cytochem. 1989, 37, 377–381. [CrossRef]

28. Alvarado-Kristensson, M.; Andersson, T. Protein phosphatase 2A regulates apoptosis in neutrophils by dephosphorylating both
p38 MAPK and its substrate caspase 3. J. Biol. Chem. 2005, 280, 6238–6244. [CrossRef] [PubMed]

29. Bando, K.; Ochiai, S.; Kunimatsu, T.; Deguchi, J.; Kimura, J.; Funabashi, H.; Seki, T. Comparison of potential risks of lactic acidosis
induction by biguanides in rats. Regul. Toxicol. Pharmacol. 2010, 58, 155–160. [CrossRef]

http://doi.org/10.1097/MNH.0000000000000677
http://doi.org/10.1016/j.vascn.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23669035
http://doi.org/10.1111/nep.13180
http://doi.org/10.1159/000183992
http://www.ncbi.nlm.nih.gov/pubmed/3785486
http://doi.org/10.1371/journal.pone.0055242
http://doi.org/10.1159/000363045
http://www.ncbi.nlm.nih.gov/pubmed/25171124
http://doi.org/10.1016/j.biopha.2020.110992
http://www.ncbi.nlm.nih.gov/pubmed/33202283
http://doi.org/10.33594/000000003
http://doi.org/10.3389/fendo.2020.559446
http://www.ncbi.nlm.nih.gov/pubmed/33117278
http://doi.org/10.1159/000488176
http://www.ncbi.nlm.nih.gov/pubmed/29550811
http://doi.org/10.1111/dme.13564
http://doi.org/10.1038/s41598-019-42531-0
http://www.ncbi.nlm.nih.gov/pubmed/30992489
http://doi.org/10.1016/j.lfs.2020.118818
http://www.ncbi.nlm.nih.gov/pubmed/33275985
http://doi.org/10.1152/ajprenal.00293.2013
http://www.ncbi.nlm.nih.gov/pubmed/23825068
http://doi.org/10.1016/j.kint.2020.04.059
http://doi.org/10.3389/fpubh.2020.509714
http://doi.org/10.1007/s13402-020-00570-0
http://doi.org/10.3390/ijms21238960
http://doi.org/10.1080/14737175.2021.1847645
http://doi.org/10.1152/ajprenal.00539.2019
http://www.ncbi.nlm.nih.gov/pubmed/32249610
http://doi.org/10.1089/ten.tea.2011.0023
http://doi.org/10.1177/33.8.2410480
http://www.ncbi.nlm.nih.gov/pubmed/2410480
http://doi.org/10.1177/37.3.2465335
http://doi.org/10.1074/jbc.M409718200
http://www.ncbi.nlm.nih.gov/pubmed/15569672
http://doi.org/10.1016/j.yrtph.2010.05.005


Biomolecules 2021, 11, 814 18 of 18

30. Quaile, M.P.; Melich, D.H.; Jordan, H.L.; Nold, J.B.; Chism, J.P.; Polli, J.W.; Smith, G.A.; Rhodes, M.C. Toxicity and toxicokinetics
of metformin in rats. Toxicol. Appl. Pharmacol. 2010, 243, 340–347. [CrossRef]

31. Lu, W.R.; Defilippi, J.; Braun, A. Unleash metformin. Ann. Pharmacother. 2013, 47, 1488–1497. [CrossRef] [PubMed]
32. Pan, Q.; Xu, Y.; Yang, N.; Gao, X.; Liu, J.; Yang, W.; Wang, G. Comparison of acarbose and metformin on albumin excretion in

patients with newly diagnosed type 2 diabetes. Medicine 2016, 95, e3247. [CrossRef]
33. Fiseha, T.; Tamir, Z. Urinary markers of tubular injury in early diabetic nephropathy. Int. J. Nephrol. 2016, 2016, 1–10. [CrossRef]
34. Bosomworth, M.P.; Aparicio, S.R.; Hay, A.W. Urine N-acetyl-beta-D-glucosaminidase-a marker of tubular damage? Nephrol. Dial.

Transplant. 1999, 14, 620–626. [CrossRef]
35. Zhang, Q.; Davis, K.J.; Hoffmann, D.; Vaidya, V.S.; Brown, R.P.; Goering, P.L. Urinary biomarkers track the progression of

nephropathy in hypertensive and obese rats. Biomarkers. Med. 2014, 8, 85–94. [CrossRef]
36. Hebert, L.A.; Greene, T.; Levey, A.; Falkenhain, M.E.; Klahr, S. High urine volume and low urine osmolality are risk factors for

faster progression of renal disease. Am. J. Kidney Dis. 2003, 41, 962–971. [CrossRef]
37. Lee, M.J.; Chang, T.I.; Lee, J.; Kim, Y.H.; Oh, K.H.; Lee, S.W.; Kim, S.W.; Park, J.T.; Yoo, T.H.; Kang, S.W.; et al. Urine osmolal-ity

and renal outcome in patients with chronic kidney disease. Kidney Blood Press Res. 2019, 44, 1089–1100. [CrossRef] [PubMed]
38. Efe, O.; Klein, J.D.; LaRocque, L.M.; Ren, H.; Sands, J.M. Metformin improves urine concentration in rodents with nephrogenic

diabetes insipidus. JCI Insight 2016, 1, e88409. [CrossRef] [PubMed]
39. Ling, X.C.; Kuo, K.-L. Oxidative stress in chronic kidney disease. Ren. Replace. Ther. 2018, 4, 53. [CrossRef]
40. Rapa, S.F.; Di Iorio, B.R.; Campiglia, P.; Heidland, A.; Marzocco, S. Inflammation and oxidative stress in chronic kidney

dis-ease-potential therapeutic role of minerals, vitamins and plant-derived metabolites. Int. J. Mol. Sci. 2019, 21, 263. [CrossRef]
41. Sanz, A.B.; Santamaría, B.; Ruiz-Ortega, M.; Egido, J.; Ortiz, A. Mechanisms of renal apoptosis in health and disease. J. Am. Soc.

Nephrol. 2008, 19, 1634–1642. [CrossRef] [PubMed]
42. Checa, J.; Aran, J.M. Reactive oxygen species: Drivers of physiological and pathological processes. J. Inflamm. Res. 2020, 13,

1057–1073. [CrossRef]
43. Clark, L.E.; Khan, I. Outcomes in CKD: What we know and what we need to know. Nephron Clin. Pract. 2010, 114, c95–c103.

[CrossRef] [PubMed]
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