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ABSTRACT

Article type:

Background: Nephropathy is the main problem of diabetes and can be classified into several
phases according to the presence of albuminuria. Adenosine monophosphate-activated
protein kinase (AMPK) operates as a sensor of energy charge.
Objectives: The aim of our study was to evaluate the reno-protective properties of AMPK
signaling pathway against streptozotocin (STZ)-induced nephropathy in the rat.
Materials and Methods: Forty male Wistar rats were randomly distributed into four groups.
Group 1 was normal rats (N group); group 2 was diabetic rats (D group); group 3 received
diabetic rats + metformin (DM group), and group 4 received giabetic rats + metformin +
dorsomorphin (DMD group). Serum albumin, uric acid, total protein and creatinine for
estimation of renal injury were measured. Finally, the histological study was evaluated.
Results: Reduction of body weight, albumin and total protein in the diabetic rat was reversed
by metformin administration. Our results showed that serum uric acid and creatinine were
significantly increased in diabetic rats and decreased after treatment with metformin in
diabetic rats. AMPK improved the histopathology and morphological changes in STZinduced diabetic rats. Administration of dorsomorphin (AMPK inhibitor) with metformin
can reverse the beneficial effects of AMPK.
Conclusions: AMPK signaling pathway ameliorates diabetic nephropathy by modifications
of serum albumin, uric acid, total protein, creatinine and attenuation of kidney damage.
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Implication for health policy/practice/research/medical education:
In this experimental study, we found that activation of AMPK via metformin can protect nephropathy against STZ-induced
diabetes in models of rats. The main mechanism of AMPK in renoprotective effects was increased serum albumin and total
protein levels and decreased serum uric acid and creatinine levels after treatment with metformin in diabetic rats.
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1. Background
Nephropathy is the main complication of diabetes
mellitus and show one of the main challenges for
modern nephrology as the most cause of chronic kidney
disease, accounting for common about 30%-40% of new
cases of diabetes (1). Diabetic nephropathy, also called
diabetic kidney disease, can be classified into several
phases conforming to the presence of albuminuria and
the degree of chronic kidney disease (2). In the kidneys,
glucose by binding to proteins, lead to the production
of advanced glycosylation end products (AGEs). AGE
contribute to renal damage by stimulation and release of
proinflammatory cytokines and expression of growth
factors in the development of diabetic nephropathy
(3). A diabetes preventive role for medications such as
metformin has been suggested (4). Metformin is an antidiabetic medicine used for in the treatment of diabetes
mellitus (type II), and it is used as the treatment for
other metabolic diseases (5,6). The mechanism of action
of metformin is suggested to be through activation of
adenosine monophosphate-activated protein kinase
(AMPK) (7,8). The main objective of metformin seems
to be the mitochondrial respiratory chain complex Ι
leading to activation of AMPK (9). AMPK operates
as a sensor of energy charge (10) that is activated with
elevation of AMP (11) concomitant with decreased
cellular ATP levels (12).
2. Objectives
The present study aimed to evaluate the nephroprotective
effects of AMPK signaling pathway in rodent models of
streptozotocin-induced diabetic nephropathy.
3. Materials and Methods
3.1. Materials
Materials are rats (prepared by the faculty of medical
school, Tehran University of Medical Sciences),
streptozotocin (Sigma-Aldrich, USA), metformin and
dorsomorphin dihydrochloride (Tocris Bioscience, USA)
3.2. Methods
3.2.1. Animals
Forty male Wistar rats weighing 210±10 g, in the
department of pharmacology, school of medicine,
Tehran Medical Science University, were used in this
study. The animals were in a room with a temperature of
22 ± 2°C and 12-h light/12-h dark cycle and free access
to food and water. The rats were weighed and were kept
for 20 to 24 hours are hungry and randomly allocated
into four groups as follows:
Group I (N group); normal rats
Group II (D group); diabetic rats
Group III (DM group); diabetic rats + metformin
38

Group IV (DMD group); diabetic rats + metformin +
dorsomorphin.
Metformin activates AMPK can be administered orally
(300 mg/kg) in the body and dorsomorphin (0.2 mg/kg)
daily intraperitoneal injection (IP) injection was used as an
inhibitor of the activity of AMPK. Diabetes was induced
in rats of groups II, III and IV were injected with single
intraperitoneal of 65 mg/kg of streptozotocin (STZ).
STZ was freshly dissolved in 0.05 M citrate buffer. Blood
glucose levels were measured after 48 hours with blood
from the tail vein and animals whose blood glucose with
400 mg/dL were considered as diabetic rats were used in
the study. In the groups which received dorsomorphin
and metformin, drug used 72 hours after induction of
diabetes, and as each day until 6 weeks after induction of
diabetes. Evaluation of the effect of serum parameters
amd histopatologic study were done on 6 weeks after
induction of diabetes. Body weight of each animal was
determined at the initiation and end of the study.
3.2.2. Serum parameters
At the end of the treatment period, rats were anesthetized
with pentobarbital intended (70 mg/kg, IP), blood
samples were collected into tubes without anticoagulant
and centrifuged at 3000 rpm for 10 minutes to sepatation
of serum, and the serum was stored at -70°C untile assay.
Serum samples were used for measurement of albumin,
uric acid, total protein and creatinine by enzymatic
colorimetric methods according to the standard protocol
of manufacturer’s instructions (13).
3.2.3. Histological study
For renal morphological studies, in 45th after induced
nephropathy, the right kidney was isolated and fixed in
buffered formalin, dehydrated in histoligical paraffin.
Renal sample was sectioned (5 µm) and stained with
hematoxylin and eosin (13).
3.3. Ethical issues
The research followed the tenets of the Declaration
of Helsinki. This project was approved by Ethics
Committee of Tehran University of Medical. Prior to
the experiment, the protocols were confirmed to be
in accor
dance with the guidelines of Animal Ethics
Committee of Tehran University of Medical Sciences.
3.4. Statistical analysis
One-way analysis of variance (ANOVA) analysis
followed by Tukey post hoc test was used for evaluation.
All data are presented as means ± standard deviation
(SD). Results were considered significant when P value
<0.05.
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Table 1. Assessment of body weight
Body weight (g, 6 weeks)

N

D

DM

DMD

274.7±5.08

162.5±3.39***

171.2±4.19#

166.1±3.48

*** P < 0.001 compared to normal group; # P < 0.05 compared to diabetic group.
N: Normal group (Non-diabetic group), D: Diabetic group, DM: Diabetic + Metformin group and DMD: Diabetic + Metformin +
Dorsomorphin group.

4. Results
4.1. Body weight
Table 1 demonstrates the effect of metformin on
body weight. Diabetic rats (D group) show exhibited
significant weight loss period compared to the control
rats. At the end of 6 weeks treatment, the body weight
of animals treated with metformin (300 mg/kg) was
significantly improved compared with the STZ-diabetic
group (P < 0.05). However, treatment with metformin
and dorsomorphin cannot be attenuated the body weight
in the DMD group.
4.2. Serum albumin assessment
Administration of STZ led to significant decrease in serum
albumin levels in the D group as compared to the normal
group (N group) throughout 6 weeks after induction of
diabetes by STZ in rats (P < 0.001). Furthermore, at the
end of 6 weeks treatment, diabetic animals treated with
300 mg/kg metformin demonstrated attenuating in the
serum albumin levels (P < 0.05). In diabetic rats treated
with metformin and dorsomorphin, a decrease in the
serum albumin levels was detected (Figure 1).
4.3. Serum uric acid measurement
The diabetic animals showed a significant increase in
the level of uric acid compare to the normal group
(P < 0.001). After treatment with metformin in group
III (DM group), serum uric acid decreased significantly
(P < 0.001). Also, the diabetic rats treated with metformin

and dorsomorphin (DMD group) showed a significant
reduction of serum uric acid levels as compared to the
group II (P < 0.05, Figure 2).
4.4. Assessment the level of total proteins
After 6 weeks, STZ-diabetic rats (group II) showed a
significant decrease in the levels of total protein when
compared with normal group (group 1) (P < 0.001).
Animal’s treatment with 300 mg/kg metformin (group
III) showed a significant increase in the levels of total
proteins compared with their D group (P < 0.01).
Interestingly, in group DMD (group IV), concomitant
metformin and dorsomorphin administration to inhibit
AMPK signaling pathway, showed a significant increase
in level of serum total proteins compared with diabetic
control (group 2) after 6 weeks (P < 0.05, Figure 3).
4.5. Assessment the level of serum creatinine
STZ-diabetic rats (group II) showed a significant
increase in the serum levels of creatinine (P < 0.001).
Furthermore, the levels of creatinine significantly
decreased in the serum of DM group (group III)
compared to diabetic rats (P < 0.01, Figure 4). Also, this
parameter was not significant in diabetic rats treated with
metformin and dorsomorphin (DMD group).
4.6. Histological study
Figure 5 shows the histological study of renal tissues
of rats from the non-diabetic group and experimental

Group
Group

Figure 1. Assessment of Albumin. *** P < 0.001 compared to
Normal group, # P < 0.05 compared to Diabetic group.
N: Normal group (non-diabetic group), D: Diabetic group, DM:
Diabetic + Metformin group and DMD: Diabetic + Metformin +
Dorsomorphin group.

www.nephropathol.com

Figure 2. Assessment of Uric acid. *** P < 0.001 compared to
normal group, # P < 0.05 and ### P < 0.001 compared to diabetic
group.
N: Normal group (Non-diabetic group), D: Diabetic group, DM:
Diabetic + Metformin group and DMD: Diabetic + Metformin +
Dorsomorphin group.
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Group

Figure 3. Assessment of Total Protein.
*** P < 0.001 compared to normal group, # P < 0.05 and ## P < 0.01
compared to diabetic group.
N: Normal group (Non-diabetic group), D: Diabetic group, DM:
Diabetic + Metformin group and DMD: Diabetic + Metformin +
Dorsomorphin group.

A

B

C

D

Figure 5. Assessment of histological study. A: Normal group
(Non-diabetic group), B: Diabetic group, C: Diabetic + Metformin
group and D: Diabetic + Metformin + Dorsomorphin group.

Group

Figure 4. Assessment of serum creatinine.
***
P < 0.001 compared to Normal group, ## P < 0.01 to diabetic
group.
N: Normal group (Non-diabetic group), D: Diabetic group, DM:
Diabetic + Metformin group and DMD: Diabetic + Metformin +
Dorsomorphin group.

groups. In the non-diabetic group, renal glomeruli
seemed to be normal. In the diabetic group, increased
tubular damage, tubulointerstitial injuries and glomerular
damage. Metformin significantly improved the tubular
damage in diabetic renal damage. However, dorsomorphin
treatment with metformin reversed the beneficial effects
of metformin on renal histopathological in diabetic rats.
5. Discussion
In this study, we evaluated the reno-protective effects of
AMPK signaling pathway in the diabetic nephropathy
induced by STZ in rat. Treatment with metformin in
diabetic rat attenuated the body weight in compared to
untreated diabetic rats (P < 0.05). However, the results
in this study showed that administration metformin
with dorsomorphin did not improve the body weight
in diabetic rats. We showed that metformin, an AMPK
activator, significantly increased the albumin (P < 0.05)
and total protein (P < 0.01) and also, decreased the levels
of creatinine (P < 0.01) and uric acid (P < 0.001) in the
40

serum of diabetic rats. In addition, co-treatment of
dorsomorphin with metformin decreased the positive
effects of metformin on serum albumin and creatinine.
Furthermore, the evaluation of histopathological studies
demonstrated that activate AMPK signaling pathway
attenuate the kidney tissue damage that is caused by
STZ-diabetes.
STZ-induced type 1 diabetic rats are associated with
severe decrease of body weight caused by hyperglycemia,
loss of tissue proteins (14), muscular tissue and adipose
tissue (15). Additionally, the increase in the levels of
serum uric acid and creatinine (16) and the decrease
in the levels of serum albumin and total protein (17)
have been associated with diabetic kidney disease. STZ
induced diabetes (type 1) has been determined as a useful
experimental model for study of diabetes because STZ
causes selective destruction of the β-cell in pancreatic
islets (18, 19). It has been shown that dorsomorphin
(AMPK inhibitor) can reverse the beneficial effects of
AMPK (20). Metformin is currently the drug of choice
for the management of diabetes. It improves plasma
levels of glucagon-like peptide 1 (GLP-1), peripheral
and liver sensitivity to insulin, decreases hepatic glucose
production, and causes weight reduction (21). A recent
study demonstrated that metformin stimulates the
adenosine monophosphate protein kinase signaling
pathway (22). Lee et al reported that phosphorylation
of AMPK signaling levels is diminished in the diabetesinduced renal hypertrophy (23). In addition, Kim et
al suggested that AMPK activation in renal tissues by
metformin attenuated, loss of podocyte in nephropathy
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of diabetes (24). Furthermore, it has been shown that
treatment with metformin significantly decreased
albuminuria in diabetic patients (25) and serum creatinine
in STZ-nicotinamide-induced diabetic nephropathy in
rats (26) and also serum uric acid in gout patients (27).
Renal cell damage induced by cisplatin-induced tubular
cell apoptosis and acute kidney injury attenuated by
activation of AMPK with metformin (28). In another
study, in mouse renal fibroblasts activation of AMPK
pathway using metformin diminished the renal interstitial
fibrosis in chronic kidney disease (29). Zhang et al
showed that the expression of phosphorylated AMPK
via metformin attenuated metabolic renal function in
mice (30).
6. Conclusions
The data of this study suggested that AMPK signaling
pathway has a protective effect on kidney in the diabetic
nephropathy induced by STZ in the rat. Our results
suggested that AMPK showed protective effect by
attenuating complications of diabetic nephropathy
through preventing a rise in uric acid and creatinine
levels, and reduced albumin and total protein levels.
Authors’ contribution
AH, HA, SJ, MH, SE and AD provided technical
assistance, collection and preparation of the manuscript.
AA and SMT analyzed the pathology data. SE and AD
designed, supervised the study and prepared the final
draft of the article.
Conflicts of interest
The authors declared no competing interests.

Acknowledgments
The source of data used in this article was from the Ph.D.
thesis of Amin Hasanvand student of Pharmacology
Department, Tehran University of Medical Sciences,
Tehran, Iran. The authors wish to thank the research
deputy of Tehran University of Medical Sciences for
offering the grants for this investigation.
1.

2.

5.
6.

7.

8.

9.

10.

12.
13.

14.

15.

Molitch ME, DeFronzo RA, Franz MJ, Keane WF,
Mogensen CE, Parving HH, et al. Nephropathy in
diabetes. Diabetes Care. 2004;27 Suppl 1:S79-83. doi:
10.2337/diacare.27.2007.S79
Cao Z, Cooper ME. Pathogenesis of diabetic

www.nephropathol.com

4.

11.

Funding/Support
This study was supported by research deputy of Tehran
University of Medical Sciences (Grant # 93-02-10325681).

References

3.

16.

nephropathy. J Diabetes Investig. 2011;2;2(4):243-7. doi:
10.1111/j.2040-1124.2011.00131.x.
Forbes JM, Cooper ME, Oldfield MD, Thomas MC.
Role of advanced glycation end products in diabetic
nephropathy. J Am Soc Nephrol. 2003;14(8 Suppl
3):S254-8. doi: 10.1097/01.ASN.0000077413.41276.17.
Group DPPR. Reduction in the incidence of type 2
diabetes with lifestyle intervention or metformin. N
Engl J Med. 2002;7;346(6):393-403. doi: 10.1056/
NEJMoa012512.
Hardie DG. Role of AMP-activated protein kinase in
the metabolic syndrome and in heart disease. FEBS Lett.
2008;9;582(1):81-9. doi: 10.1016/j.febslet.2007.11.018.
Saeedi Saravi SS, Hasanvand A, Shahkarami K, Dehpour
AR. The protective potential of metformin against
acetaminophen-induced hepatotoxicity in BALB/C
mice. Pharm Biol. 2016;54(12):2830-2837. doi:
10.1080/13880209.2016.1185633.
Kawashima I, Kirito K. Metformin inhibits JAK2V617F
activity in MPN cells by activating AMPK and
PP2A complexes containing the B56α subunit. Exp
Hematol. 2016;44(12):1156-1165.e4. doi: 10.1016/j.
exphem.2016.08.005.
Hasanvand A, Amini-khoei H, Hadian M-R, Abdollahi
A, Tavangar SM, Dehpour AR, et al. Anti-inflammatory
effect of AMPK signaling pathway in rat model of diabetic
neuropathy. Inflammopharmacology. 2016;24(5):207-219.
doi: 10.1007/s10787-016-0275-2.
He X, Tu SM, Lee M, Yeung SJ. Thiazolidinediones and
metformin associated with improved survival of diabetic
prostate cancer patients. Ann Oncol. 2011;22(12):2640-5.
doi: 10.1093/annonc/mdr020.
Steinberg GR, Kemp BE. AMPK in Health and
Disease. Physiol Rev. 2009;89(3):1025-78. doi: 10.1152/
physrev.00011.2008.
Hardie DG. AMP-activated/SNF1 protein kinases:
conserved guardians of cellular energy. Nat Rev Mol Cell
Biol. 2007;8(10):774-85. doi:10.1038/nrm2249.
Hardie DG, Hawley SA. AMP-activated protein kinase:
the energy charge hypothesis revisited. Bioessays.
2001;23(12):1112-9. doi: 10.1002/bies.10009.
Hasanvand A, Abbaszadeh A, Darabi S, Nazari A,
Gholami M, Kharazmkia A. Evaluation of selenium
on kidney function following ischemic injury in rats;
protective effects and antioxidant activity. J Renal Inj Prev.
2016;24;6(2):93-98. doi: 10.15171/jrip.2017.18.
Zafar M, Naqvi SN. Effects of STZ-Induced diabetes on
the relative weights of kidney, liver and pancreas in Albino
rats: a comparative study. Int J Morphol. 2010;28(1):13542. doi: 10.4067/S0717-95022010000100019.
Gomes RM, de Paulo LF, Bonato Panizzon CPN, Neves
CQ, Cordeiro BC, Zanoni JN, et al. Anti-diabetic effects of
the ethyl-acetate fraction of Trichilia catigua in streptozotocin-induced type 1 diabetic rats. Cell Physiol Biochem.
2017;29;42(3):1087-97. doi: 10.1159/000478761.
Yuan YL, Guo CR, Cui LL, Ruan SX, Zhang CF, Ji D, et al.
Timosaponin B-II ameliorates diabetic nephropathy via

Journal of Nephropathology, Vol 7, No 1, January 2018

41

Hasanvand A et al

17.

18.

19.

20.

21.

22.

23.

TXNIP, mTOR, and NF-κB signaling pathways in alloxaninduced mice. Drug Des Devel Ther. 2015;27;9:6247-58.
doi: 10.2147/DDDT.S96435.
Anusooriya P, Malarvizhi D, Gopalakrishnan VK, Devaki
K. Antioxidant and antidiabetic effect of aqueous fruit
extract of Passiflora ligularis Juss. on streptozotocin induced
diabetic rats. Int Sch Res Notices. 2014;21;2014:130342.
doi: 10.1155/2014/130342.
Mestry SN, Dhodi JB, Kumbhar SB, Juvekar AR.
Attenuation of diabetic nephropathy in streptozotocininduced diabetic rats by Punica granatum Linn. leaves
extract. J Tradit Complement Med. 2016;13;7(3):273-280.
doi: 10.1016/j.jtcme.2016.06.008.
Deeds MC, Anderson JM, Armstrong AS, Gastineau DA,
Hiddinga HJ, Jahangir A, et al. Single dose streptozotocininduced diabetes: considerations for study design in islet
transplantation models. Lab Anim. 2011;45(3):131-40.
doi: 10.1258/la.2010.010090.
Kimura T, Kato E, Machikawa T, Kimura S, Katayama
S, Kawabata J. Hydroxylamine enhances glucose uptake
in C2C12 skeletal muscle cells through the activation
of insulin receptor substrate 1. Biochem Biophys
Res Commun. 2014;28;445(1):6-9. doi: 10.1016/j.
bbrc.2014.01.039.
Viollet B, Guigas B, Sanz Garcia N, Leclerc J, Foretz
M, Andreelli F. Cellular and molecular mechanisms of
metformin: an overview. Clin Sci (Lond). 2012;122(6):25370. doi: 10.1042/CS20110386.
Jin J, Lim SW, Jin L, Yu JH, Kim HS, Chung BH,
et al. Effects of metformin on hyperglycemia in an
experimental model of tacrolimus- and sirolimus-induced
diabetic rats. Korean J Intern Med. 2017;32(2):314-322.
doi: 10.3904/kjim.2015.394.
Lee MJ, Feliers D, Mariappan MM, Sataranatarajan K,
Mahimainathan L, Musi N, et al. A role for AMP-activated
protein kinase in diabetes-induced renal hypertrophy.

24.

25.

26.

27.

28.

29.

30.

Am J Physiol Renal Physiol. 2007;292(2):F617-27. doi:
10.1152/ajprenal.00278.2006.
Kim J, Shon E, Kim CS, Kim JS. Renal podocyte
injury in a rat model of type 2 diabetes is prevented by
metformin. Exp Diabetes Res. 2012;2012:210821. doi:
10.1155/2012/210821.
Amador-Licona N, Guizar-Mendoza J, Vargas E,
Sanchez-Camargo G, Zamora-Mata L. The short-term
effect of a switch from glibenclamide to metformin on
blood pressure and microalbuminuria in patients with
type 2 diabetes mellitus. Arch Med Res. 2000;31(6):571-5.
doi: 10.1016/S0188-4409(00)00241-1.
Maheshwari RA, Balaraman R, Sen AK, Seth AK. Effect
of coenzyme Q10 alone and its combination with
metformin on streptozotocin-nicotinamide-induced
diabetic nephropathy in rats. Indian J Pharmacol.
2014;46(6):627-32. doi: 10.4103/0253-7613.144924.
Barskova VG, Eliseev MS, Kudaeva FM, Aleksandrova
EN, Volkov AV, Nasonova VA, et al. [Effect of metformin
on the clinical course of gout and insulin resistance]. Klin
Med (Mosk). 2009;87(7):41-6.
Li J, Gui Y, Ren J, Liu X, Feng Y, Zeng Z, et al. Metformin
protects against cisplatin-induced tubular cell apoptosis
and acute kidney injury via AMPKα-regulated autophagy
induction. Sci Rep. 2016;7;6:23975. doi: 10.1038/
srep23975.
Lu J, Shi J, Li M, Gui B, Fu R, Yao G, et al. Activation
of AMPK by metformin inhibits TGF-β-induced
collagen production in mouse renal fibroblasts. Life Sci.
2015;15;127:59-65. doi: 10.1016/j.lfs.2015.01.042.
Zhang MZ, Wang Y, Paueksakon P, Harris RC. Epidermal
growth factor receptor inhibition slows progression
of diabetic nephropathy in association with a decrease
in endoplasmic reticulum stress and an increase in
autophagy. Diabetes. 2014;63(6):2063-72. doi: 10.2337/
db13-1279.

Copyright © 2018 The Author(s); Published by Society of Diabetic Nephropathy Prevention. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

42

Journal of Nephropathology, Vol 7, No 1, January 2018

www.nephropathol.com

