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ABSTRACT: Background: Advanced glycation end products
(AGEs) interaction with its receptor (RAGE) and aldosterone
(Aldo) through the mineralocorticoid receptor (MR) activates
Rac-1 and NF-κB independently in diabetic nephropathy (DN).
However, the crosstalk of Aldo with AGEs-RAGE is still
unresolved. Our study examined the impact of the AGEs-Aldo
complex on renal cells and its effect on the RAGE-MR interaction.
Methods and results: Glycation of human serum albumin (HSA)
(40 mg/mL) with methylglyoxal (10 mM) in the presence of Aldo
(100 nM) and aminoguanidine (AG) (100 nM) was performed.
Glycation markers such as fructosamine and carbonyl groups and
fluorescence of AGEs, pentosidine, and tryptophan followed by
protein modification were measured. Renal (HEK-293T) cells
were treated with the glycated HSA-Aldo (200 μg/mL) along with
FPS-ZM1 and spironolactone antagonists for RAGE and Aldo,
respectively, for 24 h. Glycation markers and esRAGE levels were
measured. Protein and mRNA levels of RAGE, MR, Rac-1, and NF-κB were estimated. Glycation markers were enhanced with Aldo
when albumin was only 14−16% glycated. AGEs-Aldo complex upregulated RAGE, MR, Rac-1 and NF-κB expressions. However,
FPS-ZM1 action might have activated the RAGE-independent pathway, further elevating MR, Rac-1, and NF-κB levels. Conclusion:
Our study concluded that the presence of Aldo has a significant impact on glycation. In the presence of AGEs-Aldo, RAGE-MR
crosstalk exerts inflammatory responses through Rac-1 in DN. Insights into this molecular interplay are crucial for developing novel
therapeutic strategies to alleviate DN in the future.

1. INTRODUCTION
Diabetic nephropathy (DN) is one of the many causes of end-
stage renal disease,1 and hyperglycemia plays a significant role in
its progression. It is documented that during hyperglycemia the
secretion of Aldosterone (Aldo), a mineralocorticoid, increases
through the renin-angiotensin system. Aldo has a principal role
in maintaining electrolyte and fluid homeostasis. Binding of
Aldo to mineralocorticoid receptor (MR) activates genomic or
nongenomic signaling pathways in distal renal tubule cells.2,3

Downstream effects of nongenomic pathways, such as reactive
oxygen species (ROS) generation and inflammation induction,
can be MR-dependent or MR-independent.4 Earlier, it was
found that Aldo-MR activation in the presence of Ras-related C3
botulinum toxin substrate (Rac-1) has a significant role in the
pathogenesis of renal damage.5 The activated Rac-1 was found
to regulate NF-κB and its translocation to the nucleus, further
inducing expression of pro-inflammatory cytokines.6

Additionally, hyperglycemia disturbs metabolic pathways,
most of which are associated with increased levels of AGEs. The
nonenzymatic glycation reaction between free amino groups of

proteins and reactive carbonyl groups of reducing sugars leads to
the formation of AGEs.7 Interaction of AGEs with Receptor of
Advanced Glycation end products (RAGE) activates various
downstream signaling pathways,8 inducing inflammation,
insulin resistance, and aging.9 The AGEs-RAGE interaction
was also reported to stimulate Rac-1, activating nuclear factor-
κB (NF-κB) further leading to inflammation.10 Moreover, AGEs
accumulation-induced podocyte injury, renal tubular epithelial
injury, and urinary albumin excretion were reduced in diabetic
rats when treated with RAGE antagonist − N-Benzyl-4-chloro-
N-cyclohexylbenzamide (FPS-ZM1).11 This reduced the
damaging effect of AGEs-RAGE activation in DN.
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In addition to full-length RAGE, there are circulating soluble
RAGE isoforms without a trans-membrane domain and
cytoplasmic tail, namely, soluble RAGE (sRAGE), endoge-
nously secretory form (esRAGE), and cleaved form (cRAGE).12

esRAGE arises by alternative splicing of full-length RAGE (FL-
RAGE) gene AGER (advanced glycation end product receptor).
cRAGE arises by proteolytic cleavage of RAGE by a disintegrin,
ADAM10, and membrane Type-1 Matrix metalloproteinases.13

Both of these function as decoy receptors, prevent interaction of
AGEs with FL-RAGE, and attenuate signal transduction
pathways, reducing inflammation and oxidative stress.12,13

It was found that Aldo raises carboxymethyl lysine (CML),
one of the AGEs, and promotes the positive feedback loop by
RAGE leading to downstream signaling, while CML enhances
MR expression indicating correlation between RAGE and MR.2

MR antagonist, spironolactone, was observed to downregulate
RAGE expression.14 However, the crucial interaction between
AGEs-RAGE and Aldo-MR through Rac-1 remains to be
discovered. Aldo can have this interaction as a RAGE-dependent
or independent mechanism. Our earlier study reported static
and spontaneous interaction between Aldo and glycated HSA.15

Thus, this study emphasizes evaluating the Aldo effect on
glycation modifications of albumin and RAGE expression in
HEK-293T cells. Glycation markers (fructosamine content,
carbonyl groups, pentosidine, AGEs, and tryptophan fluores-
cence) and protein modifications (HPLC, phenyl boronate
affinity chromatography) were estimated in glycated HSA
samples with or without Aldo. Moreover, the molecular MR-
Rac-1-RAGE axis in renal cells in the presence of Aldo during
glycation was studied by analyzing expressions of RAGE, MR,
Rac-1, and NF-κB using the HEK-293T cell line.

2. MATERIALS AND METHODS
2.1. Materials. HSA (A1653), methylglyoxal (MGO),

aminoguanidine (AG), and Aldo were procured from Sigma-
Aldrich (St. Louis, United States). Reagents required for
glycation marker assays − Folin-Ciocalteau reagent, nitroblue
tetrazolium (NBT), dinitrophenylhydrazine (DNPH), and
trichloroacetic acid were acquired from SRL (Mumbai, India)
and HiMedia (Mumbai, India). The materials required for cell
culture work − DMEM, FBS, and 1% antibiotic/antimycotic
solution were obtained from Gibco (Waltham, United States)
and HiMedia (Mumbai, India). Primary antibodies for CML
(MAB3247), RAGE (MAB11451), NF-κB (SC8008), β-actin
(SC130301), and secondary antibody HRP conjugated goat
antimouse IgG were procured fromR&D systems (Minneapolis,
United States) and Santacruz (Dallas, United States). SYBR
green was obtained from Applied Biosystems (Waltham, United
States). Primers for RT-qPCR were acquired from Bioserve
Biotechnologies (Hyderabad, India).

2.2. In Vitro Glycation of HSA. In vitro glycation of HSA at
a concentration of 40 mg/mL was performed in phosphate
buffer saline (PBS) using the previously reported method16 with
slight modifications. HSA was glycated with 10 mM
methylglyoxal (MGO) prepared in PBS for 48 h at 37 °C in
the presence of aminoguanidine (AG) (standard glycation
inhibitor) (100 nM)15 and Aldo (100 nM),17 separately. Native
HSA, glycatedHSA, i.e., HSA +MGO (G.HSA), G.HSA +Aldo,
and G.HSA + AG were sustained under sterile conditions.
Samples were then subjected to extensive dialysis for 48 h at 4 °C
with 3 PBS changes a day andwere filtered using 0.22 μm syringe
filters and stored at −20 °C in sterile cryovials. Protein

concentrations of each sample were estimated using the Folin-
Lowry method18 before further analysis.

2.3. Estimation of Glycation Markers in the Presence
of Aldo. 2.3.1. Fructosamine Content. Fructosamine content
was estimated as per the described method19 with slight
modifications. Nitroblue tetrazolium (0.75 mM) was added to
HSA and G.HSA samples followed by the addition of 1 M
NaOH. Reaction mixtures were incubated at 37 °C for 30 min.
Absorbance was measured at 530 nm on an Eon Biotek plate
reader, Synergy H1 (Agilent, Santa Clara, United States). 1-
Deoxy-1-morpholino-D-fructose was used as a primary standard
to calculate the fructosamine content expressed in nM of
fructosamine/mg protein.
2.3.2. Carbonyl Content. Dinitrophenylhydrazine (10 mM)

dissolved in 2.5 M HCl was added to previously glycated HSA
samples and then incubated at RT for 1 h. After incubation, 20%
trichloroacetic acid was added to reaction mixtures and
centrifuged for 10 min at 15,000 g. The obtained pellet was
washed with ethyl acetate: ethanol (1:1) by centrifugation at
7669 g for 10 min. Urea (6 M) was used to solubilize the pellet,
and then absorbance was taken at 365 nmon an Eon Biotek plate
reader, Synergy H1 (Agilent, Santa Clara, United States). The
protein carbonyl content was analyzed using the reported
method.20

2.3.3. Fluorescence of Tryptophan, AGEs, and Pentosidine.
AGEs and pentosidine formation were analyzed by measuring
the fluorescence of samples at excitation wavelengths of 370 and
335 nm and emission wavelengths of 440 and 400 nm,
respectively. Tryptophan fluorescence was measured at an
excitation wavelength of 280 nm and an emission wavelength of
360 nm.21 The fluorescence was measured on an Eon Biotek
plate reader, Syngery H1 (Agilent, Santa Clara, United States).
2.3.4. Estimation of CML by Western Blotting. Western

blotting was performed as per the previously described
method.22 SDS-Polyacrylamide gel was prepared (12% resolving
and 5% stacking gel). 40 μg portion of HSA and glycated HSA
samples were mixed with loading dye. The sample mixture was
heated at 95 °C for 5 min. Then equal volumes of the above
sample mixtures were loaded in the gel. The gel was run at 70 V
and then placed on a nitrocellulose membrane for protein
transfer on ice. Protein transfer was done at 95 V for 90 min.
Three washes of TBST (10min each) (Tris Buffered Saline +1%
Tween 20) (1X) were given to the membrane and then 5% BSA
was used for blocking at 4 °C overnight. The membrane was
then incubated with primary antibody of CML (1 μg/mL in 5%
BSA) overnight at 4 °C. Afterward, the secondary antibody
treatment (1:1000 in 3% BSA) of HRP conjugated goat
antimouse IgG was given to the membrane at RT for 1 h. Three
washes of TBST are followed by visualization using the
enhanced chemiluminescence kit (1705060) on SYNGENE
G: BOX (Cambridge, United Kingdom).
2.3.5. HPLC Analysis. To determine the formation of the

AGEs adduct in the presence of Aldo and AG, HPLC analysis of
the above-glycated samples was performed according to a
previously reported method22 with slight modifications. It was
performed on a Shimadzu prominence liquid chromatography
(Shimadzu Kyoto, Japan) system incorporated with a UV/
visible detector using a C18 column. Eluents A (0.1%
trifluoroacetic acid and 5% acetonitrile) and B (0.1% trifluoro-
acetic acid and 95% acetonitrile) were used to maintain an
isocratic condition of 60% B up to 10 min at a constant flow rate.
The chromatogramwas measured at 264 nm at 40 °C by loading
20 μL of samples (100 μg/mL).
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2.3.6. Phenyl Boronate Affinity Chromatography. Phenyl
boronate affinity chromatography was used to determine the
extent of glycation in the presence of Aldo with slight
modifications.23 Affinity chromatography column (2 × 1 cm)
was packed with m-aminophenylboronic acid agarose and
subjected to equilibration with 50 mM potassium phosphate
buffer (pH 7.8) containing 1 M NaCl for 24 h. After
equilibration, the column was rinsed with a potassium
phosphate buffer. One mL of 100 μg/mL HSA sample was
subjected to the column. Unbound fractions were eluted using
elution buffer A (50mMTaurine, pH 8.7 adjusted withNaOH+
200 mM MgCl2) to wash off nonglycated proteins. Elution
buffer B (50mMTaurine, pH 8.7 adjusted withNaOH+ 50mM
tris HCl) was used to wash out bound glycated proteins, and
absorbance was measured at 280 nm on an Eon Biotek plate
reader (Agilent, Santa Clara, United States).

2.4. HEK-293T Cell Treatment with Glycated HSA and
Aldo. 2.4.1. Cell Maintenance and Treatment. HEK-293T
cells were acquired from the National Centre for Cell Science,
Pune, and maintained in DMEM supplemented with 10% Fetal
Bovine Serum + 1% antibiotic/antimycotic solution. The
confluent flasks were split into 1:3 ratios and were used for
the treatment with previously glycated HSA + Aldo (200 μg/
mL) samples along with spironolactone and FPS-ZM1, 100 nM
each. The treatment duration was 24 h at 37 °C, and images were
taken under 40X at 0 and 24 h. Cell lysates were then prepared
using RIPA buffer (1% protease inhibitor and 10% phosphatase
inhibitor) and further used to analyze the glycation markers and
for Western blotting and RT-qPCR.
2.4.2. Cellular Glycation Markers.Glycation markers of cells

such as fructosamine content, carbonyl groups, AGEs,
pentosidine, and tryptophan fluorescence were analyzed as
described previously in Section 2.3.
2.4.3. esRAGE Estimation by ELISA. Quantification of

esRAGE from the cell culture supernatant was carried out
using the ELISA kit (IT3856), G-Biosciences. According to the
manufacturer’s instructions, 0.1 mL of diluted supernatant was
added to each well and kept at 37 °C for 90 min. Biotinylated
Detection Antibody working solution (100 μL) was added into
the above mixture and kept for 1 h. Addition of working solution
of ELISA Detection Reagent (100 μL) was followed by 30 min
of incubation at 37 °C. The plate was washed five times and
incubated with 90 μL of ELISA Detection Substrate (TMB) at
the same conditions as mentioned earlier. Further, 50 μL of stop
solution was used to stop the reaction. Absorbance at 450 nm
was recorded immediately on an Eon Biotek plate reader,
Syngery H1(Agilent, Santa Clara, United States).
2.4.4. Intracellular ROS Detection using DCF-DA. In a 35

mm Petri dish, approximately 106 cells were seeded with a
coverslip and maintained in DMEM. Cells were treated with
previously glycated samples for 24 h. A wash of 1X PBS was
given to cells followed by DCF-DA (20 μM) staining for 30 min
at 37 °C. The excess stain was removed by giving a wash with 1X
PBS. The coverslip was mounted with the help of 90% glycerol.
Imaging was performed using a green fluorescent protein filter
on a fluorescence microscope, EVOS M5000 (Invitrogen,
Waltham, United States).22

2.4.5. Western Blotting. To understand the expressions of
RAGE and NF-κB, Western blotting of cell lysates (30 μg) of
different treatment groups was performed as per the previously
mentioned method in section 2.3.4. The membrane was then
incubated overnight with primary antibodies of RAGE (1 μg/
mL in 5% BSA) or NF-κB (1:1000 in 5% BSA) or β-actin

(1:1000 in 5% BSA) at 4 °C. After three washes of TBST (Tris
Buffered Saline +1% Tween 20) (1X), the membrane was
developed at RT with a secondary antibody solution (1:1000
ratios in 3% BSA) of HRP-conjugated goat antimouse IgG 1 h.
Proteins were then visualized on a SYNGENE G: BOX
(Cambridge, United Kingdom) using the enhanced chemilu-
minescence (ECL) kit22 followed by densitometry analysis with
the help of the ImageJ 1.44p gel analysis tool.
2.4.6. RT-qPCR. Total RNA isolation from cells of different

treatment groups was carried out using TRIzol reagent, and
cDNA was synthesized using the iScript c-DNA synthesis kit
(1708891). RT-qPCR was accomplished in a BioRad CFX-96
system (Hercules, United States). The cDNA was amplified
using primers reported in Table 1 and SYBR green PCR master

mix to analyze RAGE, NF-κB, MR, and Rac-1 expressions. The
relative quantity of the target gene against internal control (β-
actin) was expressed as 2−ΔΔCt.2

2.5. Statistical Analysis. Statistical analysis was performed
using Graph Pad Prism software (version 8.01). One-way
analysis of variance (ANOVA) coupled with Tukey analysis was
carried out to compare the difference between the mean of
different samples. p-value <0.05 was considered significant. Data
are represented as mean ± SD of experiments performed in
triplicate.

3. RESULTS
3.1. Effect of Aldo on Albumin Glycation Markers. To

determine the glycation modifications, various glycation
markers were measured. As depicted in Figure 1, glycation
markers such as fructosamine content, AGEs, and pentosidine
fluorescence were considerably higher in G.HSA + Aldo (p <
0.0001) as compared to HSA (Figure 1a−c). Carbonyl group
content was increased in G.HSA in comparison to that of G.HSA
+ Aldo (fold change = 1.40) (Figure 1e). Reduction in
tryptophan fluorescence (Figure 1d), in G.HSA + Aldo (1.88
folds, p < 0.0001), indicated glycation-induced structural
changes when compared to HSA. There was no significant
difference observed between samples having AG and G.HSA.
However, in the presence of AG, the carbonyl group content was
observed to be low (1.72 folds, p < 0.01).
As observed from Figure 1f, glycation aggregate bands above

prominent HSA are specifically dominated by CML adducts.
The densitometry analyses of the aggregates indicate significant
CML adducts in all glycated samples (Figure 1g). Aggregate
formation was higher in G.HSA compared to G.HSA + Aldo,
whereas G.HSA + AG did not inhibit aggregate formation.

Table 1. Primer Sequences Used for the RT-qPCR Gene
Primer Referencea

gene primers reference

RAGE F: 5′CTACCGAGTCCGTGTCTACCA3′ 46
R: 5′CATCCAAGTGCCAGCTAAGAG3′

NF-κB F: 5′GCTTAGGAGGGAGAGCCCA3′ 47
R: 5′GGTATGGGCCATCTGCTGTT3′

MR F: 5′GAGAAAAGCCCGTCTGTTTG3′ 48
R: 5′AGAGGAGTTCCCTGGGTGAT3′

Rac-1 F: 5′AGGACACGATTGAGAAGCTGAAGG3′ 49
R: 5′CACTGTCTTGAGTCCTCGCTGTG3′

β-actin F: 5′GATGCAGAAGGAGATCACTGC3′ 50
R: 5′ATACTCCTGCTTGCTGATCCA3′

aF: Forward primer, R: Reverse primer.
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The degree of glycation in treated albumin samples was
evaluated by phenyl boronate affinity chromatography (Figure
1h). As expected, HSA was eluted in earlier fractions with
elution buffer A. However, the amount of modified protein
eluted with elution buffer B is much more in G.HSA and G.HSA
+ Aldo or AG. This indicated the existence of an altered albumin
structure.
To get more insight into glycation-induced modifications,

HPLC was performed (Figure 1i). The elution profile of G.HSA
+ Aldo showed induced conformational changes. HSA elution
profile displayed one single peak at a retention time of 2.66 min,
covering 95.59% area. However, the G.HSA elution profile
yielded two different peaks indicating the formation of AGEs
adduct at a retention time of 2.57 min covering 14% area. The
shift in the area of HSA was observed at a retention time of 2.85
min. The presence of Aldo also yielded two different peaks.
AGEs adduct formation was observed at the same retention time
as that of G.HSA, covering a 12% area. The elution profile in the
presence of AG showed AGEs adduct formation at a retention
time of 2.57 min covering 14.18% area. In all three glycatedHSA
samples, a shift in the area of HSA was observed, indicating the
formation of AGEs. Almost 80% of HSA remains unmodified
(Table 2).

3.2. Aldo Influence on Cellular Glycation Modifica-
tions. Renal cell exposure to G.HSA + Aldo enhanced glycation
modifications compared to that of G.HSA only. Fructosamine
formation in G.HSA + Aldo treatment increased by 1.11-fold (p
< 0.01) (Figure 2a). Higher AGEs and pentosidine fluorescence
were observed in G.HSA + Aldo (1.44 folds, p < 0.001)
compared to HSA (Figure 2b,c). Nonetheless, FPS-ZM1 (1.61
folds, p < 0.001) and spironolactone (1.10 folds, p < 0.001)
presence reduced glycation independently in terms of reduced
AGEs and pentosidine fluorescence. However, higher fluo-
rescence after administration of both antagonists might be
because of the activation of an alternative pathway. The
treatment of G.HSA and G.HSA + Aldo resulted in considerably
low tryptophan fluorescence, whereas the same was restored
with the addition of both antagonists (Figure 2d). Cellular
morphology and viability were found to be affected by the
presence of G.HSA and Aldo (Figures S1 and S2).

3.3. Aldo Effect on the Cellular Protein Expressions of
RAGE and NF-κB. The AGEs-RAGE interaction initiates
signaling cascade and activates NF-κB causing inflammation.
The treatment of G.HSA elevated protein expressions of RAGE
(p < 0.0001) and NF-κB (p < 0.01) compared to HSA treatment
(Figure 3a−c). Though G.HSA + Aldo did not show any effect
on RAGE expression, interestingly, HSA + Aldo treatment
amplified RAGE protein expression significantly. RAGE
expression was reduced with the treatment of spironolactone
(p < 0.0001), FPS-ZM1 (p < 0.0001) and the combination of
both (p < 0.0001) (Figure 3b). This suggests that Aldo-MR
pathway-dependent activation of RAGE. G.HSA + Aldo

Figure 1. Glycation modifications at intermediate levels. HSA (40 mg/
mL) was glycated with MGO (10 mM) along with Aldo (100 nM) for
48 h at 37 °C and after dialysis glycated samples were further subjected
to analyze different glycation markers − (a) fructosamine content; (b)
AGEs fluorescence; (c) pentosidine fluorescence; (d) tryptophan
fluorescence; (e) carbonyl groups; readings were calculated per mg of
protein; (f) CML formation; (g) densitometry analysis of CML
formation; (h) extent of glycation evaluated by phenyl boronate affinity
chromatography; (i) elution profile of glycated samples with Aldo and
AG. The data is presented as mean ± SD, n = 3, *p < 0.05, **p < 0.01,
***p < 0.001, *indicates p value in comparison toHSA; ##p < 0.1, ###p <
0.01, #indicates p value in comparison to G.HSA.

Table 2. Concentration of Unmodified and Modified HSA in
the Presence of Aldosterone and AG

sample
unmodified albumin (%

area)
modified albumin (%

area)

HSA 95.59 4.41
G.HSA 85.09 14.91
G.HSA + Aldo 83.64 16.36
G.HSA + AG 84.77 15.23

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05085
ACS Omega 2023, 8, 37264−37273

37267

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05085/suppl_file/ao3c05085_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05085?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05085?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05085?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05085?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increased NF-κB expression (p < 0.05); however, spironolac-
tone had no effect. FPS-ZM1 action lowered NF-κB protein
levels considerably (p < 0.0001) (Figure 3c). This indicates that
NF-κB activation is solely RAGE-dependent.

3.4. Aldo Effect on the Gene Expressions of RAGE, NF-
κB, MR, and Rac-1.The exposure of G.HSA + Aldo raised gene
expression of RAGE (p < 0.0001) (Figure 4) compared to that of
G.HSA and HSA + Aldo, suggesting the role of Aldo in AGEs
accumulation and further interaction with RAGE. Spironolac-

tone did not show any effect on RAGE expression. Conversely,
FPS-ZM1 increased RAGE expression compared to G.HSA
(Figure 4a). NF-κB expression was also elevated (p < 0.0001)
(Figure 4b) with the treatment of G.HSA + Aldo. G.HSA and
G.HSA + Aldo presence amplified expression of MR (p <
0.0001) (Figure 4c) as compared to the treatments of HSA and
HSA +Aldo, indicating the role of AGEs inMR activation. Rac-1
expression (Figure 4d) was augmented (p < 0.1) in the presence
of G.HSA + Aldo, although it was not affected by the presence of

Figure 2. Effect of Aldo on cellular glycation modifications. HEK293T cells were treated with 200 μg/mL of glycated samples for 24 h. Cells were then
lysed and lysate was further used to analyze glycation markers − (a) fructosamine content, (b) AGEs fluorescence; (c) pentosidine fluorescence; (d)
tryptophan fluorescence. The data are presented as mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, *indicates the p-value in comparison to
HSA; #p < 0.05, ##p < 0.01, ###p < 0.001, #indicates the p-value in comparison to G.HSA.

Figure 3. G.HSA + Aldo effect on RAGE and NF-κB protein expressions in renal cells. HEK293T cells, after 24 h treatment of glycated samples (200
μg/mL), were lysed and lysates were used for Western blotting - (a) RAGE, NF-κB and β-actin expressions in cells treated with glycated HSA samples;
ratio of (b) RAGE and (c) NF-κB to β-actin by densitometry analysis. The data are presented as mean± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, *indicates p value in comparison to HSA; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, #indicates the p-value in comparison to
G.HSA.
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G.HSA. Spironolactone action reduced the expressions of MR
and Rac-1, and FPS-ZM1 maximized NF-κB, MR, and Rac-1
expressions. However, the presence of both antagonists (FPS-
ZM1 and spironolactone) reduced expressions of the same
three.
esRAGE levels in G.HSA + Aldo were lower (p < 0.01) as

compared to the treatment given with HSA and G.HSA;
however, with the antagonists (FPS-ZM1 and spironolactone),

esRAGE levels decreased more significantly (p < 0.1) compared
to G.HSA (Figure 4e).

3.5. Effect of Aldo on Intracellular Oxidative Stress.
The downstream signaling pathways of the RAGE and MR
generate oxidative stress. The estimation of intracellular
oxidative stress was carried out by using DCF-DA fluorescence.
The fluorescence increased with the treatment of G.HSA as
compared to control and treatment with native HSA. However,
less fluorescence was observed in G.HSA + Aldo compared to

Figure 4.G.HSA + Aldo increases mRNA levels after treatment in renal cells. The treatment of glycated samples was given to HEK293T cells for 24 h
and further isolation of mRNA was followed by cDNA synthesis to analyze gene expressions of − (a) RAGE; (b) NF-κB; (c) MR; (d) Rac-1, and (e)
esRAGE concentration in cell lysates. The data are presented as mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, *indicates p value in
comparison to HSA; #p < 0.05, ##p < 0.01, ###p < 0.001, #indicates p value in comparison to G.HSA.

Figure 5. Intracellular ROS generation in response to treatment of glycated HSA and Aldo − (a) Control; (b) HSA; (c) G.HSA; (d) G.HSA + Aldo;
(e) G.HSA + Aldo + Spiro; (f) G.HSA + Aldo + FPS-ZM1; (g) G.HSA + Aldo + Spiro + FPS-ZM1.
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G.HSA. In the presence of spironolactone or FPS-ZM1 or both,
low fluorescence was observed, indicating reduced ROS
generation (Figure 5).

4. DISCUSSION
AGEs interaction with RAGE has an essential physiological role
in the development of DN.24 In addition, increased Aldo
secretion and upregulation of MR lead to inflammation and
renal damage.25 Both of these signaling cascades are known to
activate Rac-1 independently.6,10 Nonetheless, the crosstalk
between AGEs-RAGE and Aldo-MR pathways is yet to be
understood. The current study highlights the influence of Aldo
on albumin glycation and its interaction with the AGEs-RAGE
pathway through Rac-1.
Accumulation ofMGO in plasma is often considered a urinary

marker for diabetic nephropathy.26 MGO is a highly reactive
compound and a potent glycating agent. Despite its lower
physiological concentration than glucose, it is still reported to be
20,000-fold more reactive than glucose.7,27

Fructosamine, an early Amadori product of glycation, is used
to measure long-term glycemic control.28 Furthermore, these
Amadori products after undergoing rearrangements and
complex condensation reactions generate glycation adducts
such as protein carbonyls and protein aggregates.7 These protein
carbonyls, with further rearrangements, generate fluorescent and
nonfluorescent AGEs.29 The impact of Aldo on glycation at
different stages was evaluated for the first time in this study. The
fructosamine content, AGEs, and pentosidine fluorescence in
G.HSA + Aldo samples were identical to those observed in the
G.HSA treatment. Moreover, phytosterols are reported to
reduce Trp-intensity in a dose-dependent manner.21 The
intensity of tryptophan fluorescence of albumin is inversely
proportional to steroid concentration, indicating the interaction
of steroids with HSA.30 Our recent study showed that Aldo
binds to HSA with high affinity which is static and
spontaneous.15 Pharmacology relevant range of aminoguanidine
concentration is reported to be 10−50 μM.31 In the present
study, 100 nM concentration of Aldo is used.17 However, to
understand the mode of action of Aldo 100 nM aminoguanidine
was used as a standard inhibitor. Since 100 nM concentration of
aminoguanidine is not enough to inhibit glycation, we observed
no effect of aminoguanidine on fructosamine content and AGEs
fluorescence. We also observed no significant effect of
aminoguanidine in our previous study.15

RAGE, a multiligand receptor, belongs to the immunoglobu-
lin superfamily.7 Its expression is significantly upregulated by the
G.HSA treatment as also reported by others,32 which further
induces inflammation. The AGEs-RAGE interaction activates
multiple cellular kinase pathways and translocates activated NF-
κB to the nucleus, further upregulating expressions of pro-
inflammatory cytokines.33 The circulating esRAGE, one of the
isoforms of RAGE, may have an essential role in ligand-RAGE-
induced inflammation,34 and it has been associated with severe
renal dysfunction in patients of type 2 diabetes.35 In this study,
we found that G.HSA and G.HSA + Aldo decreased the levels of
esRAGE.
Moreover, diabetes-induced chronic kidney failure is

associated with increased secretion of Aldo which promotes
fibrosis, inflammation, and hypertension further reducing the
glomerular filtration rate.36 Aldo-MR activation is reported to be
a critical factor in the early pathogenesis of renal damage in
diabetes mellitus.37 It was reported that Aldo stimulates MR
activity and regulates gene expression via a genomic pathway.38

Aldo also stimulates MR-dependent and MR-independent
molecular pathways via a nongenomic phenomenon which
includes ROS generation and activation of protein kinase A and
C, MAPK, and Rac-1.4

The present study reported that G.HSA + Aldo induced
upregulation of RAGE andNF-κB, whereas G.HSA elevatedMR
expression compared to HSA + Aldo. This suggests the
significant role of AGEs-Aldo in activating the RAGE and MR
pathway. Few studies indicated the cellular and molecular
crosstalk between Aldo and RAGE. Aldo’s presence increased
RAGE expression in a positive feedback loop in murine
podocyte cells and AGEs-RAGE interaction was also found to
upregulate MR expression.2 In this study, elevated RAGE
expression in human renal cells indicates the role of Aldo in
glycation via the AGEs-RAGE pathway. However, this
interaction can be MR-dependent since spironolactone reduced
RAGE protein levels.
Rac-1, from the GTPases family, regulates multiple cellular

functions such as ROS generation, actin cytoskeleton organ-
ization, cell adhesion, migration, and apoptosis.39 Overall, its
activation contributes to oxidative stress, hypertension, and
podocyte injury involved in DN progression.40 Rac-1-induced
oxidative stress is known to regulate and activate NF-κB.6,39
Increased ROS generation is observed in the presence of G.HSA
and G.HSA + Aldo. Additionally, it was reported that MR
stimulated Rac-1 activation and ROS generation to produce
more AGEs.2 The data represented by Shibata et al.,5 reported
Rac-1-dependent MR transcriptional activity in the genomic
pathway in renal cells. It was found that MR antagonism or MR
gene knockout in muscle cells limited the Rac-1-mediated MR
signaling.41 Additionally, AGEs accumulation phosphorylates
NF-κB and further upregulates proinflammatory cytokines via
activation of Rac-1.6 In this study, we reported that G.HSA +
Aldo upregulates Rac-1 expression.
Considering the involvement of Aldo in inflammation by

stimulating NF-κB, it is clinically managed by antagonists. The
use of one of the known Aldo inhibitors−spironolactone is
shown to reduce NF-κB expression and inflammatory cytokines
and reduce blood glucose levels in the type 2 diabetes model
mice.42,43 Also, with the crucial role of RAGE in inflammation, it
is targeted for the development of promising treatment
modalities. RAGE antagonist, FPS-ZM1, blocked the increased
levels of RAGE and down-regulated NF-κB activation,44 thereby
reducing podocyte injury, renal tubular epithelial damage, and
urinary albumin excretion in diabetic mice.11 Indirect studies
have indicated the relationship between Aldo and glycation. It
was demonstrated that AGEs-induced RAGE expression and
NF-κB activation were entirely blocked by MR antagonist
spironolactone,45 disrupting its associated inflammatory cas-
cades.14 In this study, neither spironolactone showed any effect
on RAGE expression nor FPS-ZM1 had its impact on MR.
However, both were effective in reducing glycation modifica-
tions, independently. Rather than FPS-ZM1, spironolactone
reduced Rac-1 and NF-κB expressions, indicating MR-depend-
ent activation of Rac-1 andNF-κB.However, the combination of
both antagonists did reduce expressions of RAGE, MR, Rac-1,
and NF-κB.
The overall data show that the AGEs + Aldo-RAGE

interaction upregulates the MR expression (RAGE-dependent
pathway) and AGEs + Aldo upregulates RAGE via the MR-
independent pathway, correlating RAGE andMR pathways. It is
noteworthy to see the elevated levels of MR when AGEs + Aldo
and FPS-ZM1 (RAGE antagonist) exist together, suggesting the
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involvement of other AGE receptors (RAGE-independent
pathway). The AGEs + Aldo-MR pathway activates Rac-1 and
NF-κB, indicating the coreliability of AGEs and Aldo to cause
further renal damage via Rac-1. The decreased glycation
modifications and reduced expression of RAGE, MR, Rac-1,
and NF-κB in the presence of spironolactone and FPS-ZM1
suggested interaction between two pathways.

5. CONCLUSIONS
The present study revealed the role of Aldo and enhanced
glycation in DN. The combination of spironolactone and FPS-
ZM1 discovered the molecular crosstalk between AGEs-RAGE
and Aldo-MR through Rac-1 (Figure 6). The combined action
of both antagonists carries a therapeutic value in treating DN.
Furthermore, activation of the RAGE-independent pathway
may generate oxidative stress and inflammation, thus deteriorat-
ing renal damage. Hence, the study of AGEs-RAGE and Aldo-
MR pathways with the help of pharmacological interventions
may suppress RAGE-dependent and -independent pathways
efficiently. In the future, this specific treatment strategy will be
more beneficial to alleviate DN and its associated complications.
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Figure 6. Schematic representation of AGEs-RAGE and Aldo-MR pathway interaction through Rac-1 leading to renal damage. Initially albumin
glycation increases in the presence of aldosterone. Further treatment G.HSA + Aldo to cells leads to the NF- κB translocation through RAGE
dependent and independent pathway. Activated MR influences NF- κB translocation either by genomic and nongenomic routes. Spironolactone and
FPS-ZM1 inhibited MR and RAGE cellular signaling, respectively. Additionally, esRAGE generation increases through this interaction. Overall, this
cross talk results in increased gene expression of MR, NF- κB, and RAGE leading to DN.
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