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Forskolin alleviates diabetic nephropathy via inhibition 
of aldose reductase and advanced glycation end products 
formation
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Abstract
Objectives: Various mechanisms including polyol pathway along with a complex integrating paradigm with Aldose reductase (AR) and advanced glycation end 
products (AGE) formation have been implicated in the pathogenesis of diabetic nephropathy. 

Methods: The present study was aimed at investigating a well-known antioxidant, Forskolin for its therapeutic role in streptozotocin-induced diabetic nephropathy 
in rats. The effect of Forskolin was investigated by assessing the key markers of kidney function along with the morphological changes in the kidney. Further, the effect 
of Forskolin on the formation of AGEs and AR inhibition and lipid peroxidation was compared with that of a standard AR inhibitor, fidarestat. 

Results: The results revealed that Coleus forskohlii methanolic extract and Forskolin significantly (P<0.05) decreased the blood glucose levels, urinary protein 
excretion, serum creatinine and blood urea nitrogen in diabetic rats. Administration of Forskolin to diabetic rats decreased kidney lipid peroxides and nitrate levels 
along with decrease in AGEs formation. In addition, Forskolin was found to inhibit kidney AR activity. 

Conclusion: Thus, the results obtained in this study underline the potential of Forskolin as a possible therapeutic agent against diabetic complications such as 
nephropathy.
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Introduction
Diabetes mellitus has assumed epidemic proportions worldwide 

and such as large burden of diabetes is sure to bring an immense 
burden of complications with it. Among the various complications, 
nephropathy is one of the most important, both in terms of short 
term and long term morbidity to the individual [1]. In spite of treating 
diabetic nephropathy patients with agents such as angiotensin 
converting enzyme (ACE) inhibitors, angiotensin antagonists and 
antihypertensive agents, enormous number of diabetic patients 
still continue to suffer from diabetic kidney disease [2]. Diabetic 
nephropathy is usually attributed to biochemical alterations in glucose 
metabolism such as increase in polyol flux along with elevated blood 
and tissue levels of glycosylated proteins leading to haemodynamic 
changes within the kidney tissue [3]. 

Even though, at present, several approaches such as strict control 
of blood glucose level and ACE inhibitors use for the management of 
diabetic nephropathy they could not satisfy the clinical need for the 
treatment of disease which led to the research on alternative pathways 
such as inhibition of polyol pathway and formation of advanced 
glycation end products (AGEs). This led to the development of newer 
class of drugs which inhibit the aldose reductase (AR) an enzyme in 
the polyol pathway [4-5]. Further, the failure of various synthetic AR 
inhibitors (ARIs) due to their toxic effects and absence of satisfactory 
efficacy, there is a pressing need for the search of new ARIs from natural 
sources [6]. Thus, the present study was designed to assess various 
biochemical and physiological alterations with special emphasis on the 
role of polyol pathway and AGEs in the therapy of diabetic nephropathy. 

Coleus forskohlii Briq. (Lamiaceae) is an aromatic Indian herb. 
Ayurvedic practitioners have used Coleus to treat asthma, chronic 
cough, strangury, calculus, gonorrhea, piles, fever epilepsy, heart 
diseases, abdominal colic, dyspepsia, respiratory problems, nervous 
system disorders as insomnia and convulsions [7]. 

Forskolin is the main constituent in the roots of C. forskohlii; 
it is a heterocyclic labdane diterpene with diverse pharmaceutical 
applications such as anti- HIV, antitumor, in the treatment of anti-
glaucoma, hypertension, and heart failure [8].

Materials and methods
Chemicals 

Steptozotocin (STZ) was purchased from Sigma Aldrich 
(Bangalore, India) and Coleus forskohlii methanolic extract (CME) 
and Forskolin (FSL) were procured from Yucca enterprises,Mumbai, 
India. Reduced Nicotinamide adenine dinucleotide phosphate 
(NADPH) and bovine serum albumin (BSA) were obtained from 
HiMedia Laboratories (Mumbai, India). Fidarestat was supplied by 
Symed Labs Ltd (Hyderabad, India). All the other chemicals were of 
analytical grade.
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Animals

Male Wistar rats (180-200 g) were obtained from Jeeva life sciences 
Pvt. Ltd (Hyderabad, India), housed at 25°C and relative humidity of 
45-55% under a natural light: dark cycle of 12h day light and 12h of 
darkness with unrestricted access to food and water. Throughout the 
experimental period, the rats were fed with balanced pellet diet. The 
experimental protocol was approved by the Institutional Animal Ethics 
Committee (IAEC no: IAEC/23/UcPSc/KU/2016) and executed in 
agreement with the guiding principles of Committee for Control and 
Supervision of Experimentation on Animals, Government of India on 
animal experimentation.

Animal treatment

Diabetes was induced by i.p. administration of STZ freshly prepared 
in 0.1M citrate buffer (pH 4.5) to the rats fasted overnight at a dose of 
50mg/kg of body weight. After one week of STZ administration, the 
animals were fasted for 12 h followed by withdrawal of blood by retro-
orbital plexus. Blood glucose levels were estimated by glucose oxidase 
method [9] and the animals with more than 250 mg/dL were treated 
as diabetic animals. After a period of 6 weeks, the diabetic animals 
were divided into 5 groups (n=8): Group I receives 0.1M citrate buffer, 
Group II served as diabetic control whereas Group III and Group IV 
received CME (100mg/kg), FSL (10mg/kg) respectively, and Group 
V treated with fidarestat (1mg/kg) for a period of 3 weeks. Blood was 
withdrawn from the retro orbital plexus followed by collection of 24h 
urine samples on the last day by means of metabolic cages after which 
the animals were sacrificed by cervical dislocation. Kidneys were 
then perfused with normal saline, isolated, weighed and biochemical 
estimations were done. 

Biochemical estimations

Plasma glucose [10], plasma and urine creatinine [11], blood urea 
nitrogen (BUN) [12], and total urine protein [13] were estimated using 
commercially available diagnostic kits (Proton Biologicals Ltd., India). 
Glomerular filtration rate (GFR) was calculated using 24h urine volume 
and creatinine content in urine and plasma by the reported formula 
[14].

Estimation of AGEs in kidneys

AGEs levels in the kidneys were determined by the method 
described by Sensi et al., (1996) [15]. Briefly, perfused kidneys were 
homogenized in 2mL of 0.25M sucrose followed by centrifugation 
at 900 x g at 4°C and the supernatant was separated. The pellet was 
resuspended in 2mL sucrose solution and centrifuged. The supernatant 
was separated and mixed with the previous one. The proteins present 
were precipitated by adding equal volume of trichloroacetic acid 
(TCA). Following centrifugation at 4°C, 900 x g, the protein pellet 
obtained was mixed with 1mL methanol twice to remove the lipid 
fraction. The insoluble protein, after washing with 10% cooled TCA 
was centrifuged and the residue was solubilised in 1mL of 1 N NaOH 
and the protein content was estimated by determining the absorbance 
at 280nm against BSA standard curve. The AGEs content was then 
measured flourimetrically with an emission at 440nm and excitation 
at 370nm, and the results were expressed as relative fluorescence units 
(RFU)/mg protein. 

Histological study

A portion of the kidney tissue was fixed in 10% formalin for a 
week at room temperature. The specimens were then dehydrated with 
graded ethanol series, cleared in xylene and embedded in paraffin 

wax. The blocks were then sectioned into 5 µm thick using rotary 
microtome. The obtained sections were stained with hematoxylin-
eosin and the photomicrographs were obtained under light microscope 
at a magnification of 400x and analyzed by double blind analysis and 
scored by the previous method [16]. Tubular injury was scored by 
grading the percentage of affected tubules under ten randomly selected, 
non-overlapping fields as follows: 0, 0%; 1, ≤10%; 2, 11-25%; 3, 26-
45%; 4, 46-75%; and 5, 76-100%. To score injured tubules, whole tubule 
numbers per field were considered as standard. The grading percentage 
was calculated in each field as follows: injury score (%) = (number of 
injured tubules/number of whole tubules) x100.

Kidney AR activity

AR activity was measured by spectrophotometrically by the 
method of Kim and Oh (1999) [17]. Briefly, the reaction mixture 
consisted of 300 µL of 0.15 mM NADPH, crude enzyme preparation, 
and the final volume was made up to 2.7mL with sodium phosphate 
buffer. The reaction was initiated by addition of 300 µL of 10 mM 
DL-glyceraldehyde as substrate and absorbance was measured at 
340nm using double beam UV spectrophotometer (SL210, Elico, 
India) for 1 min at 10 sec interval. Absorbance was recorded for all the 
concentrations in triplicate.

Oxidative stress parameters

Oxidative stress parameters (Reduced glutathione levels and MDA 
levels) were estimated according to the method previously described by 
Hiroshi Okhawa et al. [18].

Estimation of reduced glutathione (GSH) levels in kidney

To the 0.2mL of 10% w/v tissue homogenate, 0.2mL of 5% 
trichloroacetic acid was added and allowed to stand for 5 min. followed 
by centrifugation. To 0.2mL of the supernatant 2.3mL of phosphate 
buffer (pH7.6), 0.5mL of DTNB was added, then incubate for 5min and 
measure the absorbance at 412nm within 15 min.

Estimation of MDA in kidney

The whole tissue sample homogenate (10%) was prepared in ice- 
cold 0.1M phosphate buffer pH 7.4. The reaction mixture contains 
0.2mL tissue homogenate (10%), 1.5ml acetic acid (20%), 1.5mL 
thiobarbituric acid (0.8%) and 0.2mL SLS (8.1%) .The mixture was 
made upto 4mL with distilled water and heats it at 95°C for 60 min. on 
oil bath. After cooling under tap water, add 1mL of distilled water and 
5mL of mixture of n- butanol: pyridine (15:1) was added and shaken 
vigorously. Then the mixture was centrifuged at 4000 rpm for 10 min 
and separate organic layer and measure absorbance at 532nm.

Serum nitrate levels

Serum nitrate levels were estimated according to the method 
described by Miranda et al. (2001) [19]. The reaction between nitrite, 
sulphonamide and N-(1-napthyl) ethylenediamine leading to the 
formation of an azo product was quantified by measuring the absorbance 
of the product at 543nm. The concentrations were determined using 
a standard curve of sodium nitrate and the results were expressed as 
µmol/L in serum samples. 

Statistical analysis

The data were analysed by using analysis of variance (ANOVA) 
followed by Bonferroni post-test. All the values were expressed as mean 
± SEM and the criterion for statistical significance was considered to 
be P< 0.05.
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Results
Effect on blood glucose

Induction of diabetes led to a significant (P<0.05) increase in 
blood glucose levels in the control group when compared to the naïve 
animals. However, administration of CME (100mg/kg), FSL (10mg/
kg) for 3 weeks led to a significant (P<0.05) decrease in the blood 
glucose when compared to the control group, whereas, administration 
of fidarestat (1mg/kg) did not show any significant decrease in blood 
glucose when compared to control animals (Table 1).

Renal function related parameters

Blood urea nitrogen, Urinary protein and plasma creatinine were 
significantly increased in the diabetic control group when compared 
to naïve animals. However, administration of CME (100mg/kg), FSL 
(10mg/kg) or fidarestat (1mg/kg) for 3 weeks led to a significant 
decrease in the urinary albumin, plasma creatinine and BUN when 
compared to the control group (Table 1). Similarly, GFR was found to 
be significantly (P<0.05) decreased in control group when compared to 
the naïve animals. Administration of CME and FSL or fidarestat for 3 
weeks led to a significant (P<0.05) increase in the GFR when compared 
to the control group. 

Effect of CME and FSL on kidney AGEs and AR (in vitro)

Induction of diabetic nephropathy in rats led to a significant 
increase in kidney AGEs levels when compared to naïve animals. 
Administration of CME (100mg/kg), FSL (10mg/kg) significantly (P< 
0.05) reduced the AGEs levels in kidneys when compared to control 
group. However, administration of fidarestat (1mg/kg) produced 
an insignificant decrease in AGEs levels when compared to control 
group (Figure 1). Similarly, the activity of kidney AR was significantly 
increased in diabetic rats compared to the normal rats. Table 2 showed 
in vitro kidney AR activity. In this CME, FSL and FDST of different 
concentrations showed dose dependent percentage inhibition with low 
IC50 values when compared to the standard fidarestat.

Histology

Light microscopic study of tissue sections revealed that normal 
rats consisted of intact glomeruli with normal mesangial matrix. 
However, diabetic rats exhibited glomeruli with mesangial expansion 
which is reflected by the changes in histopathological scoring and loss 
of some podocyte cells in diabetic rats. However, administration of 
CME (100mg/kg), FSL (10mg/kg) or fidarestat (1mg/kg) led to the 
reduction in mesangial expansion and prevention of loss of podocyte 
cells (Figure 2).

Parameter Naive Control Diabetic +FDST Diabetic+ CME Diabetic+ FSL
Blood glucose (mg/dL) 108.83± 8.72 380±25.81# 265±6.09 103.66±4.08* 104.83±6.11*

BUN (mg/dL) 7.97± 0.36 50.12±2072# 40.63±7.94* 21.36± 8.89* 16.74± 5.29*
Urine protein (mg/24h) 30.20± 3.72 34.22± 2.66# 24.73± 1.80* 23.79± 0.92* 24.07± 2.7*

GFR (ml/min) 2.14±0.11 0.97±0.076# 1.91±0.05* 1.63±0.04* 1.88±0.07*
Plasma creatinine (mg/dL) 1.12± 0.20  3.10± 0.83# 2.38± 0.79* 0.913± 0.54* 0.597± 0.41*
Urinary creatinine (mg/dL) 1.24±0.42     3.31± 0.87 #    2.38± 0.79* 1.17± 0.07* 1.64± 0.78*

Table 1. Biochemical parameters in STZ induced diabetic nephropathy in rats. Data was analyzed by one Way ANOVA followed by Dunnet’s test

Values are expressed as mean ± SEM. (n=8) #P < 0.05 as compared to naive group, * P < 0.05 as compared to control group

Concentration (µg/ml) % Inhibition IC50 (µg/ml) IC50 (µM)
CME 10 63.458   ± 5.534 1.053±1.25

50 76.139 ± 0.0063
100 86.088± 0.0120

FSL 1 73.591 ± 0.028 1.681±2.14 4.108
5 85.603± 0.0049
10 89.660 ±7.546

FDST 0.1 3.09±0.951 5.714±2.56 20.46
0.5 61.52±2.013
1 73.459±2.087

Table 2. Effect of CME and FSL on rat kidney aldose reductase inhibitory activity in vitro

All values are expressed as mean ±S.D, n=3. IC50, 50% Inhibitory concentration; SD, Standard deviation

 

Figure 1. Effect of CME and FSL on alterations in AGE levels in STZ induced diabetic nephropathy in rats. RFU: Relative Fluorescence Units.  Data was analysed by one-way ANOVA 
followed by Bonferroni post-test
(n=8) # P < 0.05 as compared to naïve group, * P < 0.05, as compared to control group
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Figure 2. Glomerular morphology changes in different experimental groups (HE stain, 
400× magnification). (a) Naive group. (b) Control group. (c) Diabetic + Fidarestat (d) 
Diabetic + CME (e) Diabetic + FSL. Data was analysed by one way ANOVA followed by 
Bonferroni post-test. (n=8) #P < 0.05 as compared to naïve group, *P < 0.05, as compared 
to control group

Figure 3. Effect of CME and FSL on alterations in Serum nitrate levels in STZ induced 
diabetic nephropathy in rats.  Data was analysed by one way ANOVA followed by 
Bonferroni post-test. (n=8) # P < 0.05 as compared to naïve group, *P < 0.05, as compared 
to control group

 

Naïve Control FDST CME FSL
MDA-
kidney

(nmol/ml)
1.57±0.11 11.986±0.74# 1.623±0.060* 0.866±0.070* 0.558±0.082*

GSH-
kidney

(nmol/ml)
45.87±3.40 16.45±1.31# 18.783±5.85* 30.753±3.85* 32.753±2.96*

Table 3. Effect of CME and FSL on oxidative stress levels in STZ induced diabetic 
nephropathy in rats. Data was analyzed by one-way ANOVA followed by Bonferroni post-
test

 (n=8) # P < 0.05 as compared to naïve group, *P < 0.05, as compared to control group

Effect of CME and FSL onMDA, reduced glutathione and 
nitrate levels (kidney) 

A Thiobarbituric acid reactive substance (TBARS) (MDA) was 
significantly (P< 0.05) elevated in whole kidney tissues of diabetic 
untreated rats when compared to naïve animals. Treatment with CME, 
FSL or fidarestat significantly reverted the TBARS (MDA) content in 
renal tissues. Reduced glutathione (GSH) levels in kidney tissues were 
significantly increased in CME and FSL treated groups when compared 
to that of diabetic control group (Table 3). Similarly, total nitrite/nitrate 
levels in serum were significantly (P< 0.05) elevated in the diabetic 
untreated group when compared to naïve animals. However, treatment 
with CME, FSL and fidarestat at a dose of 100mg/kg, 10mg/kg and 
1mg/kg respectively, lowers the diabetes induced increase in nitrate 
levels compared to the untreated diabetic rats (Figure 3).

Discussion
A large number of studies have documented the evidence that 

progression of diabetes leads to various complications among which 

nephropathy is a serious complication with an increasing prevalence 
worldwide [20]. The disease is characterized by morphological 
and ultra-structural changes in the kidney including expansion of 
the molecular matrix. Even though, the pathogenesis of diabetic 
nephropathy is complex and still not fully elucidated, few biochemical 
alterations such as increase in polyol pathway flux, increased AGEs 
formation, have been actively studied for their role in the development 
of diabetic nephropathy. 

Diabetic nephropathy which is characterized by increased matrix 
proteins leading to decreased GFR is considered as a marker for the 
progression of the disease. Elevation of serum creatinine and BUN in 
diabetic rats is used as an index of altered GFR in diabetic nephropathy 
[21]. Results of the present study have corroborated with the previous 
reports [22] in which administration of STZ led to the induction 
of diabetic nephropathy with a significant decrease in GFR which 
is evident from the elevated levels of serum creatinine and BUN. 
However, administration of CME and FSL for 3 weeks normalized 
various kidney function parameters such as, creatinine and BUN levels 
leading to improved GFR in diabetic rats. Treatment with fidarestat 
led even though did not restore the glucose levels in diabetic rats, it 
led to a significant decrease in the UFR to normal levels (evident from 
the increased GFR) which can be attributed to its potent ARI and 
antioxidant activity. Development of protienurea which is regarded as 
a vital marker in diabetic nephropathy is mainly due to the increased 
excretion of proteins caused by the decrease in GFR. The mechanism 
of increased excretion of these proteins has also been attributed to the 
decreased tubular reabsorption during diabetes [23]. In consistent with 
the above findings, the present study exhibited higher urine protein 
levels in diabetic rats when compared to naïve group. On the other 
hand administration of CME and FSL significantly reduced the degree 
of protienurea.

Hyperglycemia accelerates the activity of AR which is a key enzyme 
in the conversion of glucose to sorbitol with a parallel decrease in 
NADPH and glutathione. This loss of antioxidant reducing equivalents 
results in the increased susceptibility to oxidative stress associated with 
intracellular reactive oxygen species [24]. Further, accumulation of 
impermeable sorbitol results in the increased glycation of intracellular 
proteins leading to the elevated formation of AGEs. Increased AR 
activity triggers various signal transduction pathways such as PKC 
and JNK resulting in the overproduction of cytokines such as TGF-β. 
Increasing evidence from several studies reported the elevation of AR 
in the renal tissue during diabetes and a favourable influence of ARIs 
in diabetic nephropathy [25]. Thus, the preliminary studies which 
suggested CME and FSL as a potent ARI in vitro were evaluated for its 
therapeutic efficacy in diabetic nephropathy. 

In the present study, AR activity was significantly increased in 
diabetic rats, which was inhibited by administration of CME and FSL. 
Consequently, the in vivo ARI potential of CME and FSL was also 
established. Further, chronic hyperglycemia leads to accumulation of 
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AGEs in the kidney with consequent loss of membrane integrity [26] 
and since AGEs play an important role in the progress of diabetic 
nephropathy, the levels of AGEs formation in the kidneys were 
estimated. Administration of CME and FSL to diabetic rats significantly 
inhibited the formation of AGEs demonstrating its beneficial role in 
the therapy of the disease. The results support the earlier report by Lv 
et al. (2010) [27] where presence of CME and FSL effectively prevented 
the trapping of methylglyoxal, a reactive diacarbonyl intermediate in 
the formation of AGEs. Further, administration of fidarestat led to an 
insignificant decrease in the AGEs which can be attributed to the high 
glucose levels, never the less, the potent AR inhibitory activity of the 
drug along with its ability to inhibit the oxidative stress in the rats could 
have contributed to the normalization of the kidney function in the 
diabetic rats. 

Several studies involving both preclinical and clinical studies 
suggest that oxidative stress play a vital role in the development of 
diabetic complications. Hyperglycemia induces free radical generation, 
combined with AR mediated decrease in NADPH and glutathione leads 
to oxidative stress [28].

TBARS (MDA) which is a marker of lipid peroxidation in kidneys, 
was increased in the diabetic untreated rats and this increase in 
TBARS was significantly decreased by administration of CME and 
FSL. Moreover, nitrate was also considered as an index of oxidative 
damage [29] since these are oxidation products of NO. In the present 
investigation, observed that the serum and nitrate levels in CME, FSL 
or fidarestat treated animals were significantly decreased demonstrating 
its protective role against STZ-induced diabetic nephropathy. This 
effect can be attributed to its antioxidant activity along with its ability to 
inhibit polyol pathway induced oxidative stress.

Conclusion 
In conclusion, the therapeutic potential of CME and FSL against 

STZ induced diabetic nephropathy can be attributed to its combined 
effect of its ability to inhibit AR and AGEs formation along with its 
well-known antioxidant and antihyperglycemic effects. However 
further studies in diabetic model with knockout AR rats are necessary 
to confirm the exact mechanism of action along with its effect on 
various other diabetic complications
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