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Abstract

Background and objective

Diabetic neuropathy (DN) is a complex type of diabetes. The underlying cause of diabetic
nephropathy remains unclear and may be due to a variety of pathological conditions result-
ing in kidney failure. This study examines the protective effect of the methanolic extract of
Spilanthes filicaulis leaves (MESFL) in fructose-fed streptozotocin (STZ)-induced diabetic
nephropathy and the associated pathway.

Methods

Twenty-five rats were equally divided randomly into five categories: Control (C), diabetic
control, diabetic + metformin (100 mg/kg), diabetic + MESFL 150 mg/kg bw, and diabetic +
MESFL 300 mg/kg bw. After 15 days, the rats were evaluated for fasting blood glucose
(FBG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phos-
phatase (ALP), urea, uric acid, serum creatinine, reduced glutathione (GSH), superoxide
dismutase (SOD), catalase (CAT), and lipid peroxidation (MDA). Gene expression levels of
cyclic adenosine monophosphate (CAMP), protein kinase A (PKA), cAMP response ele-
ment-binding (CREB), cFOS and the antiapoptotic protein Bcl-2 were examined.

Results

We observed that MESFL at 150 and 300 mg/kg bw significantly downregulated the protein
expression of cAMP, PKA, CREB, and cFOS and upregulated the Bcl-2 gene, suggesting
that the nephroprotective action of MESFL is due to the suppression of the cAMP/PKA/
CREB/cFOS signaling pathway. In addition, MESFL increases SOD and CAT activities and
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GSH levels, reduces MDA levels, and reduces renal functional indices (ALP, urea, uric acid,
and creatinine).

Conclusion

Therefore, our results indicate that MESFL alleviates the development of diabetic nephropa-
thy via suppression of the cAMP/PKA/CREB/cFOS pathways.

Introduction

Diabetes mellitus (DM) is a chronic condition that is characterized by a lack of insulin, high
blood sugar levels, dyslipidemia, and impaired nephrotic function. Previous studies have
shown that prolonged high blood sugar levels can lead to irreparable damage to several impor-
tant human organs, including the eyes, kidneys, and heart [1]. Diabetes-related nephropathies
(DN) are one of the leading complications associated with diabetes. The incidence of DN is ris-
ing rapidly in tandem with the diabetes epidemic [2]. Approximately 25 to 50% of people with
diabetes develop renal dysfunctions [3]. Diabetic nephropathy has been linked to increased
renal dysfunction and mortality [4]. For this reason, the primary objective of DN treatment
remains to treat hyperglycemia [5]. Oral hypoglycemic agents used in DM management thera-
pies must improve pathophysiology and inhibit glucose production in the liver. Furthermore,
the hypoglycemic agents used to treat DN are adipogenic agents [6]. Synthetic oral hypoglyce-
mic agents are highly toxic [7].

Dysregulation of biochemical pathways occurs due to increased blood glucose levels, accu-
mulation of reactive oxygen species (ROS) and excessive production of reactive oxygen species
that cause tissue injury [8, 9]. Factors that contribute to DN progression but are not limited to
include hyperglycemia, ketoacidosis, hypertension, and obesity. However, the precise mecha-
nism remains unclear. Oxidative stress plays a role in the development of diabetic nephropathy
[10]. In addition, ROS play a critical role in DN pathogenesis. However, the mechanisms
underlying several abnormal physiological activities in DN pathogenesis are complicated. It is
crucial to understand these pathways to identify novel therapeutic approaches to enhance
patient outcomes.

Spilanthes filicaulis (Schumach. & Thonn.) C.D.Adams syn. (Acmella caulirhiza Delile) is a
shrubby plant of the family Asteraceae that is often discovered in tropical and subtropical
areas, including India, Malaysia, America, Africa, and West Africa [11]. Spilanthes filicaulis
spp. is applied in the following ways: snakebite treatment (Ghana) using the aerial part of the
plant [12], emetic treatment using its leaves [13], intestinal diseases and diarrhea treatment,
chest pain, eczema, guinea worm, and toothache treatment using the whole plant [14].
Although, evidence of its usage in folkloric medicine for managing diabetes exits, few studies
have reported the antidiabetic potential of Spilanthes filicaulis. Recently, Ojo et al. [15]
reported the antioxidant, anti-diabetic, and anti-inflammatory activities of the ethyl acetate
fraction of S. filicaulis leaf. Furthermore, S. filicaulis aqueous extract had complete mucosal
cytoprotection in HCI/EtOH-induced gastric lesions in male Wistar rats [16]. Ethanol extract
of Spilanthes filicaulis leaf also attenuated abnormal on liver biochemical indices inn carbon
tetrachloride induced hepatic damage in Wistar rats [17].

Other pharmacological activities of Spilanthes filicaulis investigated on animal models
include antidiarrheal, antimicrobial, anthelminthic, antioxidant, etc. [18-20]. Currently, it is
thought that the genus Spilanthes spp. is active due to five constituent groups: alkamides,
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coumarins, flavonoids, terpenoids, and polysaccharides. In general, extracts from Spilanthes
spp. are employed more often than isolated substances in the pharmaceutical, medical, tradi-
tional, and cosmetic industries. This suggest why Spilanthes spp. extract performs better than
isolated molecules. Given the quantity of chemicals present in an extract from a medicinal
plant, it appears highly probable that pharmacokinetic potentiation or pharmacodynamic aug-
mentation will occur. The bioavailability of the biomolecules that reach the target sites to pro-
vide the necessary pharmacological impact is what determines whether the presence of plant
secondary metabolites in an extract is adequate to exert a pharmacological effect. Ojo et al.
[21] reported the presence of 13-octadecenal, ar-tumerone, tetrasoxane, oxirane, and oleic
acid, 4-hydroxy-3-methylacetophenone, 2-methyl-Z,Z-3,13-octadecadienol, 1-monolinoleoyl-
glycerol trimethylsilyl ether, cis-13-octadecenoic acid, and 3,11-tetradecadien-1-ol in Spi-
lanthes filicaulis Leaf methanol extract, via GC-MS studies. Among these compounds, alpha-
caryophyllene and piperine had the potential of inhibiting dipeptidyl peptidase-IV (DPP-IV)
activity [21]. In addition, Ilondu et al. [22] reported the presence of listed phytochemicals,
including flavonoids, phenols, glycosides, alkaloids, steroid glycosides and terpenes, in ethano-
lic extracts of Spilanthes filicualis leaves. Furthermore, the antidiarrheal activity of S. filicaulis
leaf decoction used in traditional medicine and the antibacterial and anti-adhesive properties
of these plants may be due to the presence of flavonoids [18, 20, 23-26].

Cyclic adenosine monophosphate (cAMP) is a type of nucleotide that is formed when two
phosphoric acids are condensed and excreted by ATP. This nucleotide is a key secondary mes-
senger in numerous feedback mechanisms and in the transduction of cell signals. It is the
main activating factor of protein kinases A (PKA) and exchange protein (Epac) [27, 28]. Fur-
thermore, PKA activates cAMP-responsive element-binding protein (CREB), which serves as
a regulator to control gene transcription, including the production of Cyclin D1 and Cyclin
C-Jun [29]. Thus, the cAAMP/PKA/CREB/cFOS pathway is a common intracellular pathway
that performs an essential function in the development of DM [30, 31]. This suggests that
inhibiting this pathway could be a viable approach to reduce damage to kidney cells in DN
pathological conditions. Hence, there is need to examine the influence of botanicals on cAMP/
PKA/CREB/cFOS signaling among diabetics, with the aim of obtaining evidence that could be
used to elucidate the pathophysiology of DN. Therefore, this study examined the effect of Spi-
lanthes filicaulis leaves on streptozotocin-induced diabetic nephropathy and its influence on
cAMP/PKA/CREB/cFOS signaling.

Materials and methods
Plant material

Spilanthes filicaulis plants were obtained from a local farm settlement in Iwo-Oluponna (7° 35’
34.7°N 4° 11’ 27.5°E), Osun state, and the leaves were manually obtained. Authentication and
identification of the plant was conducted at the Department of Pure and Applied Biology,
Bowen University, Iwo Osun state with herbarium number BUH035.

Chemicals

All chemicals and reagents used were of analytical grade, and the Streptozotocin used was pro-
cured from Glentham Life Sciences Ltd., Corsham, United Kingdom.

Experimental animals

Twenty-five healthy male Wistar rats weighing 140-170 g were procured for the purpose of
this study. The rats were housed in decontamination cages under specific conditions and were
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acclimatized for one week, with access to rat feed (pellet) and uncontaminated water. In com-
pliance with the criteria and guidelines indicated in the National Institute of Health (NIH)
guidelines for the care and usage of laboratory animals, an ethical approval number was pro-
vided (BUAC/BCH/2023/0002B).

Spilanthes filicaulis methanolic extract preparation

The manually obtained leaves were air-dried and mashed. The extraction of the sample was
obtained by immersion of a known mass of the leaf powder (34.7 g) in 70% methanol (300 ml)
in an airtight beaker, which was left to stand for 72 hours. Filtration of the extract was per-
formed using a muslin cloth, with further concentration using a water bath and oven at 70°C
[15].

Animal grouping. The animals were categorized into five groups, with five animals in
each category. Group allocation is indicated below.

Group A: Normal control (nondiabetic, received feed and distilled water daily).
Group B: diabetic control (untreated, received just feed and water daily).
Group C: Diabetic + Metformin (100 mg/kg body weight)

Group D: Diabetic + S. filicaulis methanolic extract (low dose of 150 mg/kg).

Group E: Diabetic + S. filicaulis methanolic extract (high dose of 300 mg/kg).

Induction of type-2 diabetes. The diabetic animals in groups B, C, D, and E were induced
with diabetes intraperitoneally using STZ (STZ) at a low dose of 40 mg/kg body weight pre-
pared in citrate buffer at pH 4.5 after the administration of fructose for two weeks prior to
induction. The induction was performed after the animals were fasted for 12 hours; thereafter,
the fasting blood glucose level was determined using a glucometer. Blood samples were
obtained from the tail end of the rat using a lancet, and animals with fasting blood glucose lev-
els greater than 250 mg/dl after 48 hours were considered diabetic. The experiment was con-
ducted for a duration of 14 days [32]. The rat care procedures were approved by the
Department of Biochemistry, Bowen University animal ethics committee, and the study was
authorized with the identification number BUAC/BCH/2023/0002B.

Animal sacrifice and sample collection. Animal euthanasia was performed by placing
the animals under anesthesia using 3 ml of ketamine, which was administered intramuscularly.
An incision was made on the abdominal cavity, and the skin was reflected to expose the
abdominal and thoracic region. Blood samples were obtained in plain samples from the right
ventricle of the heart using a syringe and were left to stand at room temperature undisturbed
for approximately 30 minutes before centrifugation at 3000 r.p.m. for 5 minutes. The obtained
serum was labeled appropriately for further biochemical analysis. The liver was procured care-
fully and weighed, after which homogenization was performed using ice cold phosphate buffer
in a mortar and pestle. Centrifugation of the homogenates was performed at 5000 r.p.m for 10
minutes, after which the supernatant was obtained and stored in the refrigerator for further
biochemical analysis.

Determination of biochemical parameters

The standard procedures adopted were as described for fasting blood glucose [33], catalase
[34], superoxide dismutase (SOD), reduced glutathione (GSH) [35], malondialdehyde (MDA)
[36], alkaline phosphatase (ALP) [37], aspartate aminotransferase (AST), and alanine
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aminotransferase (ALT) [38]. Other procedures adopted were as described for creatinine [39],
urea [39], and uric acid [40]. Serum insulin concentration determination was achieved based
on the method described by [32], which used an ELISA kit from Sweden in a multiple plate
ELISA reader (Winooski, Vermont, USA). The homeostasis model assessment of insulin resis-
tance (HOMA-IR) and homeostasis model assessment of the B-cell score (HOMA-B) were cal-
culated through the Eqs (1) and (2) described by [32].

[insulin (U/L)X blood glucose (mmol/L)
22.5

HOMA — IR =

(1)

[20 X insulin (U/L)]
[blood glucose (mmol/L) — 3.5]

HOMA — B = (2)
Converting factors for units: insulin (1 U/L = 7.174 pmol/L) and blood glucose (1 mmol/
L =18 mg/dL).

Gene expression study

Isolation of total RNA. Total RNA was extracted from kidney tissues using the Quick-
RNA miniPrep™ Kit from Zymo Research. DNA contamination was eliminated after DN Ase I
treatment (NEB, Cat: M0303S). The total RNA concentration was measured at 260 nm. The
purity of the RNA was determined at 260 nm and 280 nm by an A&E spectrophotometer
(A&E Lab, UK).

cDNA conversion

Reverse transcriptase reaction was used to transform one (1) microgram (DNA-free RNA)
into cDNA with the use of a cDNA synthesizing kit using ProtoScript II First-Strand technol-
ogy (New England BioLabs). The reaction temperature was set to three different conditions:
65°C for 5 min, 42°C for 1 h, and 80°C for 5 mins [33, 41].

PCR amplification and agarose gel electrophoresis

A polymerase chain reaction was used to amplify the gene of interest using NEB (OneTagR 2X
Master Mix) with the following primers (Inqaba Biotec, Hatfield, South Africa). PCR amplifi-
cation was performed in a 25 pl reaction mixture containing cDNA, primers (forward and
reverse SEE BELOW Table 1) and Ready Mix Taq PCR master mix. Under the following con-
ditions: initial denaturation at 95°C for 5 min, followed by 30 cycles of amplification (denatur-
ation at 95°C for 30 s, annealing for 30 s and extension at 72°C for 60 s) and a final extension
at 72°C for 10 min. The amplicons were resolved on a 1.0% agarose gel. The GAPDH gene was
used to normalize the relative level of expression of each gene, and quantification of band
intensity was performed using Image] software [33, 42].

Histopathological examination of the kidney tissues

A standard laboratory protocol for paraffin embedding was used to treat the formalin-pre-
served kidney tissues of the male rats. Tissue sections (4 mm) were fixed to slides, deparaffi-
nized in p-xylene, rehydrated in ethanol (100, 80, 70, and 50%) and rinsed with water. Slides
were stained for 5 min in hematoxylin, rinsed with water, counterstained in eosin, mounted in
dibutylphthalate polystyrene xylene, cover-slipped, and viewed at x 100 with a Leica slide scan-
ner (SCN 4000, Leica Biosystems, Wetzlar, Germany).
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Table 1. Primer sequences.

Gene
cAMP
PKA
CREB
cFOS
Bcl2
GAPDH

Forward
5’ - TACTCCGTGCTGTGGATGACTT -3’
5’ - CCGAACTTGGACCTTGTGTGG -3’
5’ - CATTGCCCCTGGAGTTGTTAT-3'
5’ - CAGCCTTTCCTACTACCATTCCC-3’
5’ - GCGTCAACAGGGAGATGTCA-3'
5’ -CTGGAGAAACCTGCCAAGTATG-3'

https://doi.org/10.1371/journal.pone.0301992.t001

Statistical analysis

Reverse
5’ - TCTTGAACCGGAAAGGCTGTAT -3’
5’ - CGCACCTTCCCAGAGACGATT-3’
5’ - CTCTTGCTGCTTCCCTGTTCTT-3"
5’ - CAGGAGATAGCTGCTCTACTTTGC-3'
5’ - TTCCACAAAGGCATCCCAGC-3'
5’ - GGTGGAAGAATGGGAGTTGCT-3'

The results are expressed as the mean + SEM (n = 5). The means were analyzed using a one-
way analysis of variance followed by a Duncan Multiple Range post hoc Test (DMRT) at
p < 0.05 using GraphPad version 8.0 (GraphPad Software, Inc., San Diego, California, USA).

Results

Effects of the methanolic extract of Spilanthes filicaulis leaves on the
biochemical parameters of STZ-induced diabetic rats

Fasting blood glucose. The fasting blood glucose levels of the male Wistar rats used in
this study were elevated 72 hours (3 days) after the induction of diabetes with streptozotocin
with values up to 400 mg/dL. Throughout the duration of the experiment (15 days), the

untreated group maintained these elevated blood glucose levels. However, a substantial decline
in the fasting blood glucose levels was observed following the administration of the methanolic
extract of S. filicaulis at 150 mg/kg and 300 mg/kg (Table 2). Both doses yielded similar results
to the standard drug metformin (at 100 mg/kg). The blood glucose levels of the normal control
group remained stable throughout the experiment.

HOMA-IR and HOMA - B levels of diabetic rats administered MESFL. Table 3 shows
the serum insulin, HOMA-IR, and HOMA-J scores in the STZ-induced diabetic rats. Serum
insulin levels was significantly reduced in diabetic rats whereas metformin and MESFL admin-
istration increased the levels. HOMA-IR scores increased after the induction of T2D, in con-
trast, treatment with metformin and MESFL reduced the scores in all the treatment groups.
On the contrary, the HOMA-J score was reduced in diabetic rats whereas MESFL and

Table 2. Fasting blood glucose levels in fructose-fed streptozotocin-induced diabetic rats.

Animals

Control

STZ control

STZ + metformin (100 mg/kg)

STZ + MESFL (150 mg/kg)
STZ + MESFL (300 mg/kg)

Initial (mg/dl) 72 h (mg/dl) 15 days (mg/dl)
81.33 £4.93 83.33£4.16 86.33 £ 7.57
86.01 £2.00 436.24 + 35.54 400.21 + 29.62

79.66 + 6.43**
83.66 + 8.39**
89.33 + 8.61**

Data are presented as the mean + SEM of five rats in each group.

501.02 + 14.73**
483.66 + 20.21**
400.33 + 36.55**

92.16 + 12.17%
95.33 + 6.43**
88.37 + 10.54%"

* Indicates significant differences from the diabetic control group (P value < 0.05);

* signifies significant differences from control animals.

Legends: STZ: streptozotocin; MESFL: Methanolic extract of Spilanthes filicaulis leaves

https://doi.org/10.1371/journal.pone.0301992.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024

6/16


https://doi.org/10.1371/journal.pone.0301992.t001
https://doi.org/10.1371/journal.pone.0301992.t002
https://doi.org/10.1371/journal.pone.0301992

PLOS ONE Antidiabetic activity of Spilanthes filicaulis in diabetic nephropathy

Table 3. HOMA-IR and HOMA- scores of streptozotocin-induced diabetic rats after administration of methanolic extract of Spilanthes filicaulis leaves.

GROUPS PARAMETERS

INSULIN (U/1) HOMA-IR HOMA-f
Control 15.41 +0.07° 7.02+0.12°° 49.52 + 1.24"
STZ control 10.09 + 0.56* 11.04 + 0.55° 5.07 +0.02°
STZ + metformin (100 mg/kg) 13.23 £ 1.01° 6.31 + 0.70% 36.65 % 1.35”
STZ + MESFL (150 mg/kg) 14.05 + 1.04° 6.40 + 0.51° 58.02 + 1.46°
STZ + MESFL (300 mg/kg) 14.47 + 0.57° 8.56 + 0.71° 38.12 + 1.22%

Data are expressed as mean + SD (n = 5).

*“Values with different letters along a column for a given parameter are significantly different (P <0.05) from each other.
* MESFL: Methanolic Extract of Spilanthes filicaulis leaves.

*HOMA-IR (Homeostatic model assessment of insulin resistance): [(Fasting serum insulin in U/l *fasting blood glucose in mmol/1)/22.5]
*HOMA-B (Homeostatic model assessment of B-cell function: [(Fasting serum insulin in U/l *20/fasting blood glucose in mmol/l-3.5)]
*Conversion factor: Insulin (1U/1 = 7.174pmol/l)

https://doi.org/10.1371/journal.pone.0301992.t003

metformin increased the scores in the treated groups, which all compared well to the normal
control group.

Renal antioxidant activities of streptozotocin-induced diabetic rats administered a
methanolic extract of Spilanthes filicaulis leaves. As presented in Table 4, catalase and
superoxide dismutase (SOD) activities and reduced glutathione (GSH) levels in the diabetic
control group were significantly lower. However, the administration of metformin as well as
MESFL at doses of 150 mg/kg and 300 mg/kg resulted in a significant increase in catalase and
SOD activities and GSH levels. In contrast, the levels of MDA in the diabetic group were
higher than those in all other groups. A decrease in MDA levels was observed in diabetic rats
treated with the methanolic extract of Spilanthes, filicaulis and metformin.

Selected renal and metabolic function markers. Table 5 shows the selected renal and
metabolic function markers in diabetic rats. We noticed significant enhancement in the levels
of ALT, AST, ALP, serum creatinine, urea, and uric acid in streptozotocin-induced diabetic
rats. Administration of 150 and 300 mg/kg MESFL or metformin to diabetic rats revealed con-
siderable reductions in these parameters (Table 5).

The cAMP/PKA/CREB/cFOS pathway was suppressed in the renal tissues of diabetic
rats. Asrevealed in Fig 1A-1D, cAMP, PKA, CREB, and cFOS levels were significantly ele-
vated in the renal tissues of diabetic rats using RT-PCR. Administration of 150 and 300 mg/kg

Table 4. Renal antioxidant marker of streptozotocin-induced Wistar rats after oral administration of methanolic extract of Spilanthes filicaulis leaves.

PARAMETERS GROUPS
Normal Control | Diabetic Control | Diabetes + Metformin | Diabetes + MESFL (150 mg/kg) | Diabetes + MESFL (300 mg/kg)

Catalase (mmol/min/mg protein) | 34.36+3.13" 15.32+0.44* 25.54+5.54™¢ 26.79+3.15>¢ 30.79+1.04°
GSH (umol/mL) 59.65+2.85" 45.50+0.83° 75.09+11.12¢ 89.98+6.71° 63.60+0.37>¢
SOD (mmol/min/mg protein) 2.64+0.22" 1.22+0.04° 2.19+0.38" 2.30+0.25" 2.3240.13"
MDA (umol/mL) 1.69+0.25 2.76+0.06" 1.67+0.59" 1.25+0.11° 1.21£0.71°

Data are expressed as the mean + SD (n = 5).

*“Values with different superscripts are significantly different along the row.
Legend: MESFL: Methanolic Extract of Spilanthes filicaulis leaves.

MDA: malondialdehyde, SOD: superoxide dismutase, GSH: reduced glutathione,

https://doi.org/10.1371/journal.pone.0301992.t1004
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Table 5. Effect of the methanolic extract of S. filicaulis leaves on selected renal and metabolic function markers in streptozotocin-induced Wistar rats.

Parameters GROUPS

Normal Control |Diabetic Control | Diabetic +Metformin | Diabetic +MESFL (150 mg/kg) |Diabetic +MESFL (300 mg/kg)
Serum ALP (U/L) 14.30+1.59% 28.90+1.18° 19.30+3.27*¢ 9.57+3.11¢ 17.44+0.10™°
Kidney ALP (U/L) 23.15+3.90% 51.36+0.32° 21.11+4.45° 20.61+2.22° 17.78+2.78"¢
Serum ALT (U/L) 21.66+2.31% 54.01+2.22° 35.19+5.51¢ 26.23+1.61° 32.38+0.94°
Serum AST (U/L) 40.29+3.96" 51.17+1.92° 40.63+10.01° 25.60+2.65" 36.83+3.92™°
Serum creatinine (mg/dL) 0.26+0.04" 2.29+0.10° 0.90+0.30" 1.10+0.20° 1.09+0.26°
Kidney Creatinine (mg/dL) | 2.24+0.00" 7.46+0.00 2.98+0.00™° 2.98+0.75™¢ 1.87+1.12¢
Serum Urea (mg/dL) 130.57+9.33" 210.06+12.81° 133.42+3.99% 127.33+9.54% 118.01+6.24™°
Kidney Urea (mg/dL) 122.38+0.00° 278.29+19.77° 136.07+1.52° 128.47+12.17% 126.93+9.12°
Serum Uric Acid (mg/dL) 3.62+0.31° 9.7340.26" 3.7610.69" 4.02+0.46° 3.08+0.09"
Kidney Uric Acid (mg/dL) 9.78+0.83" 18.74+0.23° 11.15+1.19° 12.05+0.44° 10.81+0.02*¢

Data are presented as the mean + SEM (n = 5).

*dValues with different letters along a given row for a given parameter are significantly different (Duncan multiple range post hoc, p<0.05) from each other.
*MESFL: Methanolic extract of S. filicaulis * ALP: Alkaline Phosphatase

*ALT: Alanine aminotransaminase *AST: Aspartate aminotransaminase

https://doi.org/10.1371/journal.pone.0301992.t005

MESFL significantly downregulated these effects. These results compared well with those of
the metformin-treated group.

Effect of Spilanthes filicaulis methanolic extract on Bcl-2. Fig 2 shows that Bcl2 exhib-
ited a significant (p < 0.05) reduction in the kidneys of diabetic rats, which indicated apoptotic
cell damage in kidney tissues with the progression of DM. Treatment with metformin and
MESFL, however, could significantly (p < 0.05) upregulate the less-expressed Bcl2 in the kid-
ney of diabetic rats.

Histopathology of the kidney tissues

As shown in Fig 3A, there was a normal histoarchitecture of the nephrocytes in the control
rats, while in the STZ-induced diabetic rats, the kidney tissue showed a thickened basement
membrane and degenerated glomerulus (Fig 3B). Administration of the methanolic extract of
Spilanthes filicaulis or metformin preserved the basement membrane and degenerated glomer-
ulus (Fig 3C-3E).

Discussion

Diabetes mellitus (DM) is often associated with a fatal condition called diabetic nephropathy,
which is the most common reason for terminal-stage renal failure. Approximately 15% to 25%
of type 1 diabetic patients and 30% to 40% of type 2 diabetic patients with DM have diabetes
nephropathy [43]. Type 2 diabetes mellitus (T2DM) disrupts various metabolic processes in
the body, leading to a wide range of symptoms [44]. The management of T2DM focuses on
alleviating these symptoms, particularly hyperglycemia [45].

In this study, we administered a combination of fructose and low-dose streptozotocin to
experimental rats. The combination led to hyperglycemia with glycemic imbalance, renal dys-
function, and apoptosis. According to Wilson and Islam [32], fructose and streptozotocin-
induced type 2 diabetes serves as an effective experimental paradigm for examining the antidi-
abetic effects of various drugs. Fructose and streptozotocin cause T2DM by selectively destroy-
ing pancreatic B-cells [32]. We observed an increase in fasting blood glucose (FBG) levels after

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024 8/16


https://doi.org/10.1371/journal.pone.0301992.t005
https://doi.org/10.1371/journal.pone.0301992

PLOS ONE Antidiabetic activity of Spilanthes filicaulis in diabetic nephropathy

B

PKA

o e on JETNUNE
80—

60

Relative expression of
cAMP gene
Relative expression of
PKA gene
S
(=]

]

Relative expression of
Relative expression of
cFOS gene

N O &

< S e,JQ <L N
ngy Q Qé\ %{é\ %Q'b Cng 9 Qé» %Q\’ oﬁ“)

Fig 1. cAMP, PKA, CREB, and c-Fos gene expression in rats in each group. The expression of cAMP (Fig 1), PKA (Fig 1B), CREB (Fig 1C), and c-Fos
(Fig 1D) was analyzed by RT-qPCR. Data are presented as the mean + SEM (n = 5). *p < 0.05 compared with the normal control group. #p < 0.05
compared with the diabetic control group. GAPDH was used as a loading protein.

https://doi.org/10.1371/journal.pone.0301992.g001

administration of low-dose streptozotocin. This may be attributed to the selective cytotoxicity
of STZ on B-cells [32]. The decrease in serum FBG levels observed in the MESFL-treated and
metformin-treated groups compared to the control group supports the idea that the medicinal
properties of MESFL may be mediated by secondary metabolites [46].
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Fig 2. RT-PCR analysis of Bcl2 in the kidneys of diabetic rats. Data are presented as the mean + SEM (n = 5).
*p < 0.05 compared with the normal control group. #p < 0.05 compared with the diabetic control group. GAPDH was
used as a loading protein.

https://doi.org/10.1371/journal.pone.0301992.g002

T2DM is as a results of insulin resistance and partial destruction of pancreatic B-cells [46,
47]. The administration of MESFL lowered the blood glucose while also elevating insulin levels
in the serum. The improvement in insulin secretion by MESFL results in a reduction in blood
glucose level, as other studies have documented various natural products produce their nor-
moglycaemic effect [48]. The diabetic control group had elevated HOMA-IR and reduced
HOMA- scores, indicating partial pancreatic -cell dysfunction and insulin resistance, as pre-
viously documented [46, 47]. MESFL ability to reverse HOMA-IR and HOMA-B scores sug-
gests reduced insulin resistance and regeneration of B-cells.

Fig 3. Histological micrographs showing the effect of Spilanthes filicaulis and metformin in streptozotocin-induced
diabetic rat kidney tissues using a hematoxylin and eosin staining technique, A (Control), B (Diabetic Control), C
(Metformin) D (MESFL 150 mg/kg) and E (MESFL 300 mg/kg). Scale bar: 50 um, magnification: 400x.

https://doi.org/10.1371/journal.pone.0301992.9003
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Recent studies have shown that the buildup of reactive oxygen species (ROS) in hyperglyce-
mic circumstances can lead to kidney damage [49, 50]. In particular, Kiritoshi et al. [51] dis-
covered a significant increase in the number of ROS in cells in the glomerulus. Alterations in
MDA and enzymatic antioxidants reveal oxidative stress in these cells. Furthermore, lipid per-
oxidation increases the risk of oxidative stress, which may lead to a reduction in enzymatic
antioxidants. In streptozotocin-induced diabetic nephropathy, superoxide dismutase (SOD),
catalases (CAT), and glutathione reduced (GSH) have been reported to be involved in previous
studies [49, 52]. MESFL or metformin treatment in diabetic rats significantly inhibited lipid
peroxidation and increased GSH, SOD, and CAT. These findings are in line with the report of
[49].

In this study, damage to renal function was observed in diabetic rats induced by STZ, as
indicated by significant elevations in ALT, AST, and ALT, as well as urea, uric acid, and creati-
nine. These findings are in line with those observed in previous studies [49, 53, 54]. Treatment
with Spilanthes filicaulis (150 and 300 mg/kg bw/t) significantly reduced the progression of
diabetes nephropathy, as evidenced by a significant decrease in renal function markers (ALP,
uric acid, urea and creatinine).

The cAMP/PKA/CREB/c-FOS signaling pathway is one of the classical pathways presently
being studied. cAMP is a second messenger molecule. Levels of cAMP are affected by cAMP-
dependent protein kinase (PKA). PKA is composed of two regulatory subunits plus two cata-
lytic subunits. When cAMP binds to the regulatory subunits of PKA, it initiates a conforma-
tional shift that allows the catalytic subunits to be released and activated. This changes the
target protein by controlling cAMP response element-binding protein (CREB). The CREB
protein then phosphorylates the appropriate target protein molecules in the cell and regulates
gene transcription, resulting in the biological effects of the cAMP/PKA/CREB/c-FOS signaling
pathway [55-57]. In response to a variety of extracellular signals, cells generate cyclic AMP
(cAMP) by the catalytic dephosphorylation of ATP (adenosine triphosphate) through the
action of adenylyl cyclase enzymes. Studies have shown that the primary mechanisms of ade-
nylyl cyclase activation are the activation of G protein-coupled receptor (GPCR) and B-adre-
noreceptor (B-ADR) receptors, as well as glucagon receptors (GCGR) to heterotrimeric G-
proteins. Cyclic AMP (cAMP)-dependent protein kinase A (PKA) regulates a wide range of
cellular functions by reversibly phosphorylating key substrates [58, 59]. All of these pathways
are related to PKA, the regulatory kinase. cAMP controls gene expression by mediating the
phosphorylation of the CREB transcription factor at Ser-133, which is dependent on PKA.
CREB, a substrate of PKA, is phosphorylated and interacts with CRE in the nucleus to control
gene expression and protein synthesis [60]. In the kidney tissue of diabetic rats treated with
MESFL or metformin, cAMp/PKA/CREb/cFOS was reduced significantly. These findings sug-
gest a relationship between cAMP/PKA/CREB/cFOS signaling and diabetic nephropathy. The
results of this study revealed that MESFL downregulates the cAMP/PKA/CREB/cFOS signal-
ing pathway in kidney cells.

Bcl-2 is a protein that plays a critical role in the regulation of cell apoptosis, and upregula-
tion of its expression promotes cell survival [49, 61-64]. In this study, the downregulation of
renal expression of Bcl-2 in STZ-induced diabetic rats induced diabetic nephropathy. How-
ever, in diabetic rats treated with Spilanthes filicaulis or metformin, the expression of this pro-
tein was increased, encouraging cell survival. The results of this study are similar to those of
previous studies [33, 49, 54].

In this study, the histology of the kidney was investigated, and light microscopy following
the H and E technique revealed that the control rats that received distilled water presented a
normal histomorphology and that the nephrocytes were intact. In contrast, the kidney tissue
was affected in the STZ-induced rats, showing a thickened basement membrane and
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degenerated glomerulus [65]. However, in the metformin and methanolic extracts of Spi-
lanthes filicaulis-treated rats, these features were preserved.

Conclusion

This study shows that Spilanthes filicaulis alleviates oxidative stress and the development of
diabetic nephropathy via downregulation of the cAMP/PKA/CREB/cFOS signaling pathway
and upregulation of the antiapoptotic protein Bcl-2. These findings suggest that the protective
ability of S. filicaulis could be a result of antioxidant and renoprotective activities. Through
cAMP/PKA/CREB/cFOS signaling pathways, Spilanthes filicaulis may slow the progression of
diabetic nephropathy in rats. This study has limitation in that there are some parameters such
as level of urine was not detected.

Supporting information

S1 Data.
(Z1P)

S1 Raw images.
(Z1P)

Acknowledgments

The authors acknowledge the Researchers Supporting Project (grant no. RSPD2024R885),
King Saud University, Riyadh, Saudi Arabia for supporting the work through payment of
APC.

Author Contributions
Conceptualization: Oluwafemi Adeleke Ojo.

Data curation: Oluwafemi Adeleke Ojo, Akingbolabo Daniel Ogunlakin, Christopher Olorun-
toba Akintayo, Olaoluwa Sesan Olukiran, Juliana Bunmi Adetunji, Omolola Adenike
Ajayi-Odoko, Theophilus Oghenenyoreme Ogwa, Olorunfemi Raphael Molehin, Omolara
Olajumoke Ojo, Ramzi A. Mothana, Abdullah R. Alanzi.

Formal analysis: Theophilus Oghenenyoreme Ogwa, Omolara Olajumoke Ojo.

Funding acquisition: Oluwafemi Adeleke Ojo, Akingbolabo Daniel Ogunlakin, Omolola Ade-
nike Ajayi-Odoko, Ramzi A. Mothana, Abdullah R. Alanzi.

Investigation: Oluwafemi Adeleke Ojo, Akingbolabo Daniel Ogunlakin, Christopher Olorun-
toba Akintayo, Olaoluwa Sesan Olukiran, Juliana Bunmi Adetunji, Omolola Adenike
Ajayi-Odoko, Theophilus Oghenenyoreme Ogwa, Omolara Olajumoke Ojo, Abdullah R.
Alanzi.

Methodology: Oluwafemi Adeleke Ojo, Akingbolabo Daniel Ogunlakin, Christopher Olorun-
toba Akintayo, Olaoluwa Sesan Olukiran, Juliana Bunmi Adetunji, Omolola Adenike
Ajayi-Odoko, Theophilus Oghenenyoreme Ogwa, Olorunfemi Raphael Molehin, Ramzi A.
Mothana.

Project administration: Oluwafemi Adeleke Ojo, Juliana Bunmi Adetunji, Omolola Adenike
Ajayi-Odoko, Theophilus Oghenenyoreme Ogwa, Omolara Olajumoke Ojo, Ramzi A.
Mothana, Abdullah R. Alanzi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301992.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301992.s002
https://doi.org/10.1371/journal.pone.0301992

PLOS ONE

Antidiabetic activity of Spilanthes filicaulis in diabetic nephropathy

Resources: Christopher Oloruntoba Akintayo, Olaoluwa Sesan Olukiran, Juliana Bunmi Ade-
tunji, Theophilus Oghenenyoreme Ogwa, Olorunfemi Raphael Molehin, Omolara Olaju-
moke Ojo.

Supervision: Oluwafemi Adeleke Ojo, Omolola Adenike Ajayi-Odoko, Olorunfemi Raphael
Molehin, Omolara Olajumoke Ojo.

Validation: Olaoluwa Sesan Olukiran, Juliana Bunmi Adetunji, Ramzi A. Mothana, Abdullah
R. Alanzi.

Writing - original draft: Oluwafemi Adeleke Ojo, Theophilus Oghenenyoreme Ogwa.

Writing - review & editing: Oluwafemi Adeleke Ojo, Akingbolabo Daniel Ogunlakin, Chris-
topher Oloruntoba Akintayo, Olaoluwa Sesan Olukiran, Juliana Bunmi Adetunji, Omolola
Adenike Ajayi-Odoko, Olorunfemi Raphael Molehin, Omolara Olajumoke Ojo, Ramzi A.
Mothana, Abdullah R. Alanzi.

References

1. Thomas MC. The clustering of cardiovascular, renal, adipo-metabolic eye and liver disease with type 2
diabetes. Metabolism. 2022; 128: 154961. https://doi.org/10.1016/j.metabol.2021.154961 PMID:
34958818

2. Harjutsalo V, Groop PH. Epidemiology and risk factors for diabetic kidney disease. Adv Chronic Kidney
Dis. 2014; 21:260-266. https://doi.org/10.1053/j.ackd.2014.03.009 PMID: 24780453

3. Assogba GF, Couchoud C, Roudier C, Pornet C, Fosse S, Romon |, et al. Prevalence, screening and
treatment of chronic kidney disease in people with type 2 diabetes in France: the ENTRED surveys
(2001 and 2007) Diabetes Metab. 2012; 38:558-566. https://doi.org/10.1016/j.diabet.2012.08.004
PMID: 23036461

4. Bakris GL. Recognition, pathogenesis, and treatment of different stages of nephropathy in patients with
type 2 diabetes mellitus. Mayo Clin Proc. 2011; 86:444—456. https://doi.org/10.4065/mcp.2010.0713
PMID: 21531886

5. GiriB.,DeyS., Das T., Sarkar M., Banerjee J., and Dash S. K. (2018). Chronic hyperglycemia mediated
physiological alteration and metabolic distortion leads to organ dysfunction, infection, cancer progres-
sion and other pathophysiological consequences: An update on glucose toxicity. BioMed. Pharmac-
other. 107, 306—328. https://doi.org/10.1016/j.biopha.2018.07.157 PMID: 30098549

6. Klein G., Kim J., Himmeldirk K., Cao Y., and Chen X. (2007). Antidiabetes and Anti-obesity Activity of

Lagerstroemia speciosa. Evid. Based Complement. Alternat. Med. 4, 401-407. https://doi.org/10.1093/
ecam/nem013 PMID: 18227906

7. SpillerH. A., and Sawyer T. S. (2006). Toxicology of oral antidiabetic medications. Am. J. Health Syst.
Pharm. 63, 929-938. https://doi.org/10.2146/ajhp050500 PMID: 16675650

8. Giacco F., and Brownlee M. (2010). Oxidative stress and diabetic complications. Circ. Res. 107, 1058—
1070. https://doi.org/10.1161/CIRCRESAHA.110.223545 PMID: 21030723

9. Brownlee M. (2005). The pathobiology of diabetic complications: a unifying mechanism. Diabetes 54,
1615—-1625. https://doi.org/10.2337/diabetes.54.6.1615 PMID: 15919781

10. Wee A. (1991). A practical approach to the liver biopsy. Malays. J. Pathol. 13, 75-88. PMID: 1823095

11. PaulrajJ., Govindarajan R.; Palpu P. The genus Spilanthes ethnopharmacology, phytochemistry, and
pharmacological properties: a review. Adv pharmacol Sci. 2013. https://doi.org/10.1155/2013/510298
PMID: 24454346

12. Abbiw D.K. Useful plants of Ghana. Intermediate Technology, 1990.

13.  Noumi E.; Yomi A. Medicinal plants used for intestinal diseases in Mbalmayo Region, Central Province,
Cameroon. Fitoterapia, 2001, 72(3), 246—254. https://doi.org/10.1016/s0367-326x(00)00288-4 PMID:
11295300

14. Ndenecho E.N. Herbalism and resources for the development of ethnopharmacology in Mount Camer-
oon region. African Journal of Pharmacy and Pharmacology, 2009, 3(3), 078—086.

15. Ojo O.A,; Ogunlakin A.D.; Gyebi G.A.; Ayokunle D.l.; Odugbemi A.l.; Babatunde D.E.; et al. GC-MS
chemical profiling, antioxidant, anti-diabetic, and anti-inflammatory activities of ethyl acetate fraction of
Spilanthes filicaulis (Schumach. In addition, Thonn.) C.D. Adams leaves: experimental and

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024 13/16


https://doi.org/10.1016/j.metabol.2021.154961
http://www.ncbi.nlm.nih.gov/pubmed/34958818
https://doi.org/10.1053/j.ackd.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24780453
https://doi.org/10.1016/j.diabet.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23036461
https://doi.org/10.4065/mcp.2010.0713
http://www.ncbi.nlm.nih.gov/pubmed/21531886
https://doi.org/10.1016/j.biopha.2018.07.157
http://www.ncbi.nlm.nih.gov/pubmed/30098549
https://doi.org/10.1093/ecam/nem013
https://doi.org/10.1093/ecam/nem013
http://www.ncbi.nlm.nih.gov/pubmed/18227906
https://doi.org/10.2146/ajhp050500
http://www.ncbi.nlm.nih.gov/pubmed/16675650
https://doi.org/10.1161/CIRCRESAHA.110.223545
http://www.ncbi.nlm.nih.gov/pubmed/21030723
https://doi.org/10.2337/diabetes.54.6.1615
http://www.ncbi.nlm.nih.gov/pubmed/15919781
http://www.ncbi.nlm.nih.gov/pubmed/1823095
https://doi.org/10.1155/2013/510298
http://www.ncbi.nlm.nih.gov/pubmed/24454346
https://doi.org/10.1016/s0367-326x%2800%2900288-4
http://www.ncbi.nlm.nih.gov/pubmed/11295300
https://doi.org/10.1371/journal.pone.0301992

PLOS ONE

Antidiabetic activity of Spilanthes filicaulis in diabetic nephropathy

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

computational studies. Front. Pharmacol. 2023, 14, 1235810. https://doi.org/10.3389/fphar.2023.
1235810 PMID: 37547334

Tan PV, Njimi CK, Ayafor JF. Screening of some African medicinal plants for antiulcerogenic activity.
Phytotherapy Research. 1997; 11(1):45-47.

Ohwokevwo OA, Ogunka- Nnoka CU. Effect of Ethanol Leaf Extract of Spilanthes filicaulis on Liver Indi-
ces and Selected Biochemicals on Carbon Tetrachloride Induced Hepatic Damage in Wistar Rats. Med
Aromat Plants (Los Angeles), 8(6): 342

Wongsawatkul O, Prachayasittikul S, Isarankura-Na-Ayudhya C, Satayavivad J, Ruchirawat S, Pra-
chayasittikul V. Vasorelaxant and antioxidant activities of Spilanthes acmella Murr. International Journal
of Molecular Sciences. 2008; 9(12):2724-2744.

Ewhea AS, Morah F, Obeten AU. Anti-microbial and anthelminthic activities of Spilanthes filicaulis
(Schum. & Thonn.) C.D. Adams. World Scientific News 2023; 175: 1-12

Noumi E, Yomi A. Medicinal plants used for intestinal diseases in Mbalmayo Region, Central Province,
Cameroon. Fitoterapia. 2001; 72(3):246—254. https://doi.org/10.1016/s0367-326x(00)00288-4 PMID:
11295300

Ojo OA, Ogunlakin AD, Gyebi GA, Ayokunle DI, Odugbemi Al, Babatunde DE, et al. Profiling the antidi-
abetic potential of GC—MS compounds identified from the methanolic extract of Spilanthes filicaulis:
Experimental and computational insight. Journal of Biomolecular Structure and Dynamics 2023 https://
doi.org/10.1080/07391102.2023.2291828 PMID: 38084747

llondu EM, Ojeifo IM, Emosairue SO. Evaluation of antifungal properties of ageratum conyzoides, Spi-
lanthes filicaulis and tithonia diversifolia leaf extracts and search for their compounds using gas Chro-
matography—mass spectrum. Journal of Agricultural and Biological Science 2014. 9 (11) p.

Borgi W, Recio M-C, Rios JL, Chouchane N. Anti-inflammatory and analgesic activities of flavonoid and
saponin fractions from Zizyphus lotus (L.) Lam. South African Journal of Botany. 2008; 74(2):320-324.

Bamidele VO, Stephen OO, Kemi D, et al. Analgesic, antiinflammatory and antipyretic activities from fla-
vonoid fractions of Chromolaena odorata. Journal of Medicinal Plants Research. 2008; 9(2):219-225.

Wu'Y, Wang F, Zheng Q, et al. Hepatoprotective effect of total flavonoids from Laggera alata against
carbon tetrachloride-induced injury in primary cultured neonatal rat hepatocytes and in rats with hepatic
damage. Journal of Biomedical Science. 2006; 13(4):569-578. https://doi.org/10.1007/s11373-006-
9081-y PMID: 16547767

Cushnie TPT, Lamb AJ. Antimicrobial activity of flavonoids. International Journal of Antimicrobial
Agents. 2005; 26(5):343-356. https://doi.org/10.1016/j.ijantimicag.2005.09.002 PMID: 16323269

So WK, Kim HK, Chen Y, Jeong SH, Yeung PKK, Chow BCK, et al. Exchange protein directly activated
by cAMP (Epac) 1 plays an essential role in stress-induced exercise capacity by regulating PGC-1alpha
and fatty acid metabolism in skeletal muscle. Pflugers Arch. 2020; 472(2):195-216.

Sassone-Corsi P. The cyclic AMP pathway. Cold Spring Harb Perspect Biol. 2012; 4(12):a011148.
https://doi.org/10.1101/cshperspect.a011148 PMID: 23209152

Steven A, Friedrich M, Jank P, Heimer N, Budczies J, Denkert C, et al. What turns CREB on? And off?
And why does it matter? Cell Mol Life Sci. 2020; 77(20):4049-67. https://doi.org/10.1007/s00018-020-
03525-8 PMID: 32347317

ZhuQ, Yang S, Wei C, Lu G, Lee K, He JC, et al. Puerarin attenuates diabetic kidney injury through
interaction with guanidine nucleotide binding protein Gi subunit alpha-1 (Gnai1) subunit. J Cell Mol Med.
2022; 26(14):3816-27. https://doi.org/10.1111/jcmm.17414 PMID: 35678269

Benchoula K, Parhar IS, Madhavan P, Hwa WE. CREB nuclear transcription activity as a targeting fac-
tor in the treatment of diabetes and diabetes complications. Biochem Pharmacol. 2021; 188:114531.
https://doi.org/10.1016/j.bcp.2021.114531 PMID: 33773975

Wilson RD, Islam MS. Fructose-fed streptozotocin-injected rat: an alternative model for Type 2 diabe-
tes. Pharmacol Reports. 2012; 64: 129-139. hitps://doi.org/10.1016/s1734-1140(12)70739-9 PMID:
22580529

Ojo OA, Amanze J, Oni AP, Grant S, lyobhebhe M, Elebiyo TC, et al. Antidiabetic activity of avocado
seeds (Persea americana Mill.) in diabetic rats via activation of PIBK/AKT signaling pathway. Scientific
Reports 2022a; 12: 2919, https://doi.org/10.1038/s41598-022-07015-8 PMID: 35190649

Hadwan MH. Simple spectrophotometric assay for measuring catalase activity in biological tissues.
BMC Biochem. 2018; 19(1):7. https://doi.org/10.1186/s12858-018-0097-5 PMID: 30075706

Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys. 1959; 82(1):70-77. https://doi.org/10.
1016/0003-9861(59)90090-6 PMID: 13650640

Varshney R, Kale RK. Effects of calmodulin antagonist on radiation-induced lipid peroxidation in micro-
somes. IntJ Radiat Biol 1990; 58(5):733—-743. https://doi.org/10.1080/09553009014552121 PMID:
1977818

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024 14/16


https://doi.org/10.3389/fphar.2023.1235810
https://doi.org/10.3389/fphar.2023.1235810
http://www.ncbi.nlm.nih.gov/pubmed/37547334
https://doi.org/10.1016/s0367-326x%2800%2900288-4
http://www.ncbi.nlm.nih.gov/pubmed/11295300
https://doi.org/10.1080/07391102.2023.2291828
https://doi.org/10.1080/07391102.2023.2291828
http://www.ncbi.nlm.nih.gov/pubmed/38084747
https://doi.org/10.1007/s11373-006-9081-y
https://doi.org/10.1007/s11373-006-9081-y
http://www.ncbi.nlm.nih.gov/pubmed/16547767
https://doi.org/10.1016/j.ijantimicag.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16323269
https://doi.org/10.1101/cshperspect.a011148
http://www.ncbi.nlm.nih.gov/pubmed/23209152
https://doi.org/10.1007/s00018-020-03525-8
https://doi.org/10.1007/s00018-020-03525-8
http://www.ncbi.nlm.nih.gov/pubmed/32347317
https://doi.org/10.1111/jcmm.17414
http://www.ncbi.nlm.nih.gov/pubmed/35678269
https://doi.org/10.1016/j.bcp.2021.114531
http://www.ncbi.nlm.nih.gov/pubmed/33773975
https://doi.org/10.1016/s1734-1140%2812%2970739-9
http://www.ncbi.nlm.nih.gov/pubmed/22580529
https://doi.org/10.1038/s41598-022-07015-8
http://www.ncbi.nlm.nih.gov/pubmed/35190649
https://doi.org/10.1186/s12858-018-0097-5
http://www.ncbi.nlm.nih.gov/pubmed/30075706
https://doi.org/10.1016/0003-9861%2859%2990090-6
https://doi.org/10.1016/0003-9861%2859%2990090-6
http://www.ncbi.nlm.nih.gov/pubmed/13650640
https://doi.org/10.1080/09553009014552121
http://www.ncbi.nlm.nih.gov/pubmed/1977818
https://doi.org/10.1371/journal.pone.0301992

PLOS ONE

Antidiabetic activity of Spilanthes filicaulis in diabetic nephropathy

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wright PJ, Leathwood PD, Plummer D T. 1972. Enzymes in rat urine: Alkaline phosphatase. Enzymolo-
gia. 1972; 42(4):317-327. PMID: 4337755

Reitman S, Frankel S. A colorimetric method for determination of serum glutamate-oxaloacetate and
pyruvate transaminase. Am J Clin Pathol. 1957; 28(1):56—63. https://doi.org/10.1093/ajcp/28.1.56
PMID: 13458125

Nwankpa P., Ekweogu C. N., Egwurugwu J. N., Chukwuemeka O. G., Etteh C. C., Ugwuezumba P. C.,
et al. (2018). Assessment of kidney function indices in male albino wistar rats administered ethanol
stem extract of Dennettia tripetala (pepper fruit). Biochemistry & Pharmacology: Open Access, 7(1).
https://doi.org/10.4172/2167-0501.1000242

Desai R. J., Franklin J. M., Spoendlin-Allen J., Solomon D. H., Danaei G., & Kim S. C. (2018). An evalu-
ation of longitudinal changes in serum uric acid levels and associated risk of cardio-metabolic events
and renal function decline in gout. PLoS ONE, 13(2). https://doi.org/10.1371/journal.pone.0193622
PMID: 29489919

Elekofehinti O.0., Lawal A.O., Ejelonu O.C. Molehin O.R., Famusiwa C.D. Involvement of fat mass and
obesity gene (FTO) in the anti-obesity action of Annona muricata Annonaceae: in silico and in vivo stud-
ies. J Diabetes Metab Disord (2020). https://doi.org/10.1007/s40200-020-00491-7 PMID: 32420297

Olumegbon L.T, Lawal A.O, Oluyede D.M, Adebimpe M.O, Elekofehinti O.O, Umar H.I. Hesperetin pro-
tects against diesel exhaust particles induced cardiovascular oxidative stress and infammation in Wistar
rats. Environmental Science and Pollution Research, 2022; https://doi.org/10.1007/s11356-022-19494-
3 PMID: 35262885

Gheith O., Farouk N., Nampoory N., Halim M. A., and Al-Otaibi T. (2016). Diabetic kidney disease:
worldwide difference of prevalence and risk factors. J. Nephropharmacol. 5, 49-56. https://doi.org/10.
4103/1110-9165.197379 PMID: 28197499

Bhatti J. S., Sehrawat A., Mishra J., Sidhu I. S., Navik U., Khullar N., et al. (2022). Oxidative stress in
the pathophysiology of type 2 diabetes and related complications: Current therapeutics strategies and
future perspectives. Free Radical Biology and Medicine, 184, 114—134. https://doi.org/10.1016/j.
freeradbiomed.2022.03.019 PMID: 35398495

Davies M. J., D’Alessio D. A., Fradkin J., Kernan W. N., Mathieu C., Mingrone G., et al. (2018). Manage-
ment of hyperglycemia in type 2 diabetes, 2018. A consensus report by the American Diabetes Associa-
tion (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care, 41(12),
2669-2701. https://doi.org/10.2337/dci18-0033 PMID: 30291106

0jo O. A, Ajiboye B. O., Ojo A. B., Oyinloye B. E., Imiere O. D., and Adeyonu O. Ameliorative poten-
tial of Blighia sapida K.D. Koenig bark against pancreatic 3-cell dysfunction in alloxan-induced dia-
betic rats. J Complement Integr Med. 2017; 14. hittps://doi.org/10.1515/jcim-2016-0145 PMID:
28306534

Ojo O.A,, Oni A.P., Grant S., Amanze J., Ojo A.B., Taiwo O.A., et al. (2022). Antidiabetic activity of Ele-
phant grass (Cenchrus purpureus (Schumach.) Morrone) via activation of PI3BK/AKT signaling pathway,
oxidative stress inhibition, and apoptosis in Wistar rats. Frontiers in pharmacology 13:845196. https:/
doi.org/10.3389/fphar.2022.845196 PMID: 35308202

Balogun F.O., and Ashafa A.O.T. (2017). Aqueous Root Extracts of Dicoma Anomala (Sond.) Extenu-
ates Postprandial Hyperglycaemia in Vitro And Its Modulation on the Activities of Carbohydrate-Metabo-
lizing Enzymes in Streptozotocin-Induced Diabetic Wistar rats. South AfrJ Bot. 112, 102—-111. https:/
doi.org/10.1016/j.sajb.2017.05.014

Alaofi AL (2020) Sinapic Acid Ameliorates the Progression of Streptozotocin (STZ)-Induced Diabetic
Nephropathy in Rats via NRF2/HO-1 Mediated Pathways. Front. Pharmacol. 11:1119. https://doi.org/
10.3389/fphar.2020.01119 PMID: 32792955

Jeong S.-0.,0h G.-S., Ha H.-Y., Soon Koo B., Sung Kim H., Kim Y.-C., et al. (2009). Dimethoxycurcu-
min, a synthetic curcumin analog, induceshemeoxygenase-1 expression through Nrf2 activation in
RAW264. 7 macrophages. J. Clin. Biochem. Nutr. 44, 79-84. https://doi.org/10.3164/jcbn.08-194
PMID: 19177192

Kiritoshi S., Nishikawa T., Sonoda K., Kukidome D., Senokuchi T., Matsuo T., et al. (2003). Reactive
Oxygen Species from Mitochondria Induce Cyclooxygenase-2 Gene Expression in Human Mesangial
Cells Potential Role in Diabetic Nephropathy. Diabetes 52, 2570-2577. https://doi.org/10.2337/
diabetes.52.10.2570 PMID: 14514642

Sharma S., Kulkarni S. K., and Chopra K. (2006). Curcumin, the active principle of turmeric (Curcuma
longa), ameliorates diabetic nephropathy in rats. Clin. Exp. Pharmacol. Physiol. 33, 940-945. https://
doi.org/10.1111/j.1440-1681.2006.04468.x PMID: 17002671

SunW,, Liu X., Zhang H., Song Y., Li T., Liu X., et al. (2017). Epigallocatechin gallate upregulates
NRF2 to prevent diabetic nephropathy by disabling KEAP1. Free Radic. Biol. Med. 108, 840-857.
https://doi.org/10.1016/j.freeradbiomed.2017.04.365 PMID: 28457936

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024 15/16


http://www.ncbi.nlm.nih.gov/pubmed/4337755
https://doi.org/10.1093/ajcp/28.1.56
http://www.ncbi.nlm.nih.gov/pubmed/13458125
https://doi.org/10.4172/2167-0501.1000242
https://doi.org/10.1371/journal.pone.0193622
http://www.ncbi.nlm.nih.gov/pubmed/29489919
https://doi.org/10.1007/s40200-020-00491-7
http://www.ncbi.nlm.nih.gov/pubmed/32420297
https://doi.org/10.1007/s11356-022-19494-3
https://doi.org/10.1007/s11356-022-19494-3
http://www.ncbi.nlm.nih.gov/pubmed/35262885
https://doi.org/10.4103/1110-9165.197379
https://doi.org/10.4103/1110-9165.197379
http://www.ncbi.nlm.nih.gov/pubmed/28197499
https://doi.org/10.1016/j.freeradbiomed.2022.03.019
https://doi.org/10.1016/j.freeradbiomed.2022.03.019
http://www.ncbi.nlm.nih.gov/pubmed/35398495
https://doi.org/10.2337/dci18-0033
http://www.ncbi.nlm.nih.gov/pubmed/30291106
https://doi.org/10.1515/jcim-2016-0145
http://www.ncbi.nlm.nih.gov/pubmed/28306534
https://doi.org/10.3389/fphar.2022.845196
https://doi.org/10.3389/fphar.2022.845196
http://www.ncbi.nlm.nih.gov/pubmed/35308202
https://doi.org/10.1016/j.sajb.2017.05.014
https://doi.org/10.1016/j.sajb.2017.05.014
https://doi.org/10.3389/fphar.2020.01119
https://doi.org/10.3389/fphar.2020.01119
http://www.ncbi.nlm.nih.gov/pubmed/32792955
https://doi.org/10.3164/jcbn.08-194
http://www.ncbi.nlm.nih.gov/pubmed/19177192
https://doi.org/10.2337/diabetes.52.10.2570
https://doi.org/10.2337/diabetes.52.10.2570
http://www.ncbi.nlm.nih.gov/pubmed/14514642
https://doi.org/10.1111/j.1440-1681.2006.04468.x
https://doi.org/10.1111/j.1440-1681.2006.04468.x
http://www.ncbi.nlm.nih.gov/pubmed/17002671
https://doi.org/10.1016/j.freeradbiomed.2017.04.365
http://www.ncbi.nlm.nih.gov/pubmed/28457936
https://doi.org/10.1371/journal.pone.0301992

PLOS ONE

Antidiabetic activity of Spilanthes filicaulis in diabetic nephropathy

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

ZhangL.,ChenZ.,Gong W., Zou Y., Xu F., Chen L., et al. (2018). Paeonol Ameliorates Diabetic Renal
Fibrosis Through Promoting the Activation of the Nrf2/ARE Pathway via Up-Regulating Sirt1. Front.
Pharmacol. 9, 512. https://doi.org/10.3389/fphar.2018.00512 PMID: 29867511

ChoY.S., LeeY.N., Cho-ChungY. S. (2000). Biochemical characterization of extracellular cAMP-
dependent protein kinase as a tumor marker. Biochemical and biophysical research communications,
278(3), 679-684. https://doi.org/10.1006/bbrc.2000.3853 PMID: 11095968

Sharma N., Lopez D. I., Nyborg J. K. (2007). DNA binding and phosphorylation induce conformational
alterations in the kinase-inducible domain of CREB. Implications for the mechanism of transcription
function. The Journal of biological chemistry, 282(27), 19872—19883. https://doi.org/10.1074/jbc.
M701435200 PMID: 17491014

Dehghan E., Goodarzi M., Saremi B, Lin R., & Mirzaei H. (2019). Hydralazine targets cAMP-dependent
protein kinase leading to sirtuin1/5 activation and lifespan extension in C. elegans. Nature communica-
tions, 10(1), 4905.

Hashim S, Li Y, Nagakura A, Takeo S, Anand-Srivastava MB. Modulation of G-protein expression and
adenylyl cyclase signaling by high glucose in vascular smooth muscle. Cardiovasc Res. 2004; 63
(4):709-18. https://doi.org/10.1016/j.cardiores.2004.04.021 PMID: 15306227

Slepak VZ, Pronin A. A G(s)-RhoGEF interaction: an old G protein finds a new job. J Biol Chem. 2020;
295(50):16929-30. https://doi.org/10.1074/jbc.H120.016606 PMID: 33310745

Benchoula K, Parhar IS, Madhavan P, Hwa WE. CREB nuclear transcription activity as a targeting fac-
tor in the treatment of diabetes and diabetes complications. Biochem Pharmacol. 2021; 188:114531.
https://doi.org/10.1016/j.bcp.2021.114531 PMID: 33773975

He X., Xie Z., Dong Q., Li J., Li W., and Chen P. (2015). Effect of Folic Acid Supplementation on Renal
Phenotype and Epigenotype in Early Weanling Intrauterine Growth Retarded Rats. Kidney Blood Press
Res. 40, 395-402. https://doi.org/10.1159/000368516 PMID: 26202812

SunY., Zhang T., LiL., and Wang J. (2015). Induction of apoptosis by hypertension via endoplasmic
reticulum stress. Kidney Blood Press Res. 40, 41-51. https://doi.org/10.1159/000368481 PMID:
25791362

Wang L., Liu X., Chen H., Chen Z., Weng X., Qiu T., et al. (2015). Effect of picroside Il on apoptosis
induced by renal ischemia/reperfusion injury in rats. Exp. Ther. Med. 9, 817-822. https://doi.org/10.
3892/etm.2015.2192 PMID: 25667634

Arai S., Kitada K., Yamazaki T., Takai R., Zhang X., Tsugawa Y., et al. (2016). Apoptosis inhibitor of
macrophage protein enhances intraluminal debris clearance and ameliorates acute kidney injury in
mice. Nat. Med. 22, 183-193. https://doi.org/10.1038/nm.4012 PMID: 26726878

Tehseen|.,Haq T. U, llahi l., Khan A. A., Attaullah M., Zamani G. Y., et al. (2022). Antidiabetic and
hepato-renal protective effects of medicinal plants in STZ induced diabetic rats. Brazilian Journal of Biol-
ogy, 84,e260189. https://doi.org/10.1590/1519-6984.260189 PMID: 35703627

PLOS ONE | https://doi.org/10.1371/journal.pone.0301992  April 19, 2024 16/16


https://doi.org/10.3389/fphar.2018.00512
http://www.ncbi.nlm.nih.gov/pubmed/29867511
https://doi.org/10.1006/bbrc.2000.3853
http://www.ncbi.nlm.nih.gov/pubmed/11095968
https://doi.org/10.1074/jbc.M701435200
https://doi.org/10.1074/jbc.M701435200
http://www.ncbi.nlm.nih.gov/pubmed/17491014
https://doi.org/10.1016/j.cardiores.2004.04.021
http://www.ncbi.nlm.nih.gov/pubmed/15306227
https://doi.org/10.1074/jbc.H120.016606
http://www.ncbi.nlm.nih.gov/pubmed/33310745
https://doi.org/10.1016/j.bcp.2021.114531
http://www.ncbi.nlm.nih.gov/pubmed/33773975
https://doi.org/10.1159/000368516
http://www.ncbi.nlm.nih.gov/pubmed/26202812
https://doi.org/10.1159/000368481
http://www.ncbi.nlm.nih.gov/pubmed/25791362
https://doi.org/10.3892/etm.2015.2192
https://doi.org/10.3892/etm.2015.2192
http://www.ncbi.nlm.nih.gov/pubmed/25667634
https://doi.org/10.1038/nm.4012
http://www.ncbi.nlm.nih.gov/pubmed/26726878
https://doi.org/10.1590/1519-6984.260189
http://www.ncbi.nlm.nih.gov/pubmed/35703627
https://doi.org/10.1371/journal.pone.0301992

