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Abstract: Diabetes, a chronic metabolic disorder, affects glucose consumption in the body and leads 
to severe kidney damage, known as diabetic nephropathy, where oxidative stress (OS) plays a vital 
role in disease pathogenesis. Electrolyzed weakly alkaline reduced water (EWARW) is known to 
have anti-oxidative functions in vitro due to its bioactive properties. However, there is an increasing 
need for adequate research on EWARW-specific therapies to minimize the negative consequences 
of hyperglycemia-induced OS in the kidney. This study aimed to determine the anti-oxidative and 
anti-diabetic effects of EWARW at pH 8.5 on human kidney-2 (HK-2) cells. Here, HK-2 cells were 
treated with 71.68 mM glucose to induce OS and then treated with 10% tap water (TW)_7.7, electro-
lyzed alkaline reduced water (EARW)_9.5, or EARW_8.5 for 24 h. After treatment, cell viability, OS 
and apoptotic markers, glucose uptake, adenosine triphosphate (ATP) content, and inflammatory 
markers were assessed to determine the effect of EARW_8.5. Our results revealed that EARW_8.5 
rescued cell viability in comparison to the high glucose (HG) only and TW_7.7 groups. In addition, 
EARW_8.5 was effective in reducing OS markers (ROS, NO, and CAT), apoptotic markers (cleaved 
caspase-3), mitogen-activated protein kinase (MAPK) markers (p-JNK and p-p38), diabetic markers 
(glucose uptake), and inflammatory markers (p-STAT1, p-STAT3, IL-1β, and IL-6). Furthermore, we 
found EARW_8.5 treatment enhanced GPx and ATP content in HG-induced HK-2 cells compared 
to the HG-only and TW_7.7 groups. Collectively, EARW_8.5 stabilized antioxidant defenses and 
modulated inflammation, improving cellular metabolism and rescuing HG-induced harmful effects 
in HK-2 cells. 
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1. Introduction 
Drinking water plays an important role in the body by regulating body temperature, 

transportation of nutrients, and waste removal [1]. According to the Environmental Pro-
tection Agency guidelines, it is suggested that the pH range of regular drinking water for 
individuals should range between pH 6.5 to 8.5 [2]. Similarly, Korean Food and Drug 
Safety guidelines distinguish drinking water according to its pH range, with regular water 
having a pH range of 5.8 to 8.5 and alkaline-reduced water (ARW) as available water with 
a pH range of 8.6 to 10.0. The ARW generator was approved as a household medical de-
vice (grade II), and it was recommended not to exceed a fixed amount per day for drinking 
[3]. Electrolyzed alkaline reduced water (EARW), formed by the electrolysis of water, has 
beneficial characteristics such as being rich in molecular hydrogen, alkaline pH, negative 
oxidation-reduction potential (ORP), and comparatively high mineral content. Recently, 
the consumption of EARW has increased owing to its various health benefits [4]. The ap-
plication of EARW removes free radicals and protects cells from oxidative stress (OS) [3]. 
However, reviewing the studies on EARW, the majority of the research has been con-
ducted in the pH range of 9.5–10.5 [5–8]. Relatively few studies have investigated the in-
fluence of electrolyzed weakly ARW (EWARW) at pH 8.5 or less [3], especially in meta-
bolic diseases. 

Numerous diseases, particularly those related to metabolic problems, have been 
linked to OS. Inflammation, apoptosis, and DNA damage can be caused by excessive re-
active oxygen species (ROS) production. With the formation and accumulation of ROS in 
cells and tissues, the balance of biological systems to detoxify ROS byproducts can be dis-
rupted [9]. Previous studies have shown that EARW reduces OS by balancing unpaired 
electrons and reducing free radicals. Additionally, EARW improves human health by ac-
tivating antioxidant enzymes, including glutathione peroxidase (GPx) and catalase (CAT) 
[3,10]. Moreover, ARW exerts diverse biological effects on cellular functions. It enhances 
proximal tubular cell function by balancing the levels of various OS, apoptotic, and in-
flammatory markers [8]. One study has shown that high glucose (HG) induction in renal 
human kidney-2 (HK-2) cells activate the phosphorylated p38 mitogen-activated protein 
kinase (MAPK) and c-Jun N-terminal kinase (JNK) pathways, and cell apoptosis increases 
as a result of OS [11,12]. The MAPK signaling pathway also plays a role in inflammation, 
facilitating the progression of diabetic nephropathy (DN) [13]. 

Recently, the effects of EARW have attracted substantial interest from researchers in 
a variety of metabolic syndromes and OS-related disorders owing to its powerful anti-
oxidative and ROS-scavenging properties [14,15]. OS can disrupt mitochondrial activity 
in cells, affecting cell metabolism and resulting in excessive ROS accumulation and aden-
osine triphosphate (ATP) depletion [16]. Additionally, the Janus kinase/signal transducer 
and activator of transcription (JAK/STAT) signaling system are involved in homeostasis, 
and dysregulation of this signaling pathway leads to the development of diabetes and 
obesity [17]. 

Recent studies also found that STAT activation promotes renal fibrosis, and pharma-
cological inhibition of this STAT protein can ameliorate the development of chronic kid-
ney disease [18,19]. As STAT activation is an important mechanism by which hyperglyce-
mia causes renal damage, modification of this system may reduce the renal and vascular 
consequences of diabetes [20]. Moreover, the STAT protein, a downregulated signaling 
protein in the JAK/STAT pathway, plays an important role in the intracellular signaling 
mechanisms involved in inflammation and cell survival [21]. The key pathogenic modifi-
cation in DN is caused by inflammatory responses involving various pro-inflammatory 
cytokines such as interleukin (IL)-1β and IL-6 [8,22]. 

In recent years, it has been suggested that EARW might positively affect metabolic 
conditions, including diabetes and chronic kidney disease [23,24]. Diabetes is a chronic 
metabolic disease characterized by hyperglycemia that leads to microvascular damage 
and organ dysfunction, such as kidney failure [25]. It affects approximately 500 million 
people worldwide, expected to rise around 25% by 2030 and 51% by 2045 [26]. DN is the 



Processes 2022, 10, 2025 3 of 15 
 

 

most frequent complication of diabetes, and OS plays a significant role in its pathogenesis. 
It is becoming increasingly common in developed nations [27,28]. OS and inflammation 
play important roles in developing diabetic complications [8]. A previous study on EARW 
has shown that it has anti-diabetic effects by reducing blood sugar levels and modulating 
total cholesterol and triglycerides in OLETF rats [29]. The most prevalent complication of 
diabetes is DN, which is a consequence of HG levels due to diabetes [30]. 

The kidney is one of the main organs prominently affected by diabetes [31]. Hence, 
in the current study, we used the kidney's HK-2 proximal tubular epithelial cell line, 
which preserves the functional properties of the proximal tubular epithelium through Na+ 
dependent/phlorizin-sensitive sugar transport [32]. Here, we hypothesized that EWARW 
at pH 8.5 may reduce OS by neutralizing free radicals, thus preventing diabetes and its 
complications, such as DN, by minimizing cellular damage. This reduction in OS may 
improve the ability of the cells to maintain glucose homeostasis. Therefore, we investi-
gated the anti-oxidative and anti-diabetic effects of EARW (pH 8.5) on HG-induced HK-2 
cells. 

2. Materials and Methods 
2.1. Cells and Chemicals 

The HK-2 cell line used in this study was obtained from a cell line bank (Seoul Na-
tional University Cancer Institute, Seoul, Korea). Briefly, HK-2 cells were cultured in a cell 
culture plate containing Roswell Park Memorial Institute (RPMI)-1640 medium. The 
method of preparing the RPMI-1640 media involved various processes. Firstly, 100 mL 
distilled water was mixed with RPMI-1640 medium powder and dissolved with 2 gm so-
dium bicarbonate. This resulting medium was labelled as 10X-Stock. To prepare control, 
HG only, HG+TW_7.7, HG+EARW_9.5 and HG+EARW_8.5 media, the 10X-Stock was re-
constituted with distilled water (NC, HG only), tap water with pH 7.7 (HG+TW_7.7), 
EARW with pH 9.5 (HG+EARW_9.5), and EARW with pH 8.5 (HG+EARW_8.5) groups to 
prepare 1X-RPMI media. After preparation, these media were mixed properly and fil-
tered. The HK-2 cells used in this experiment were cultured in 10X-Stock with distilled 
water supplemented with 1% antibiotic-antimycotic by Gibco (Life Technologies Corpo-
ration, Grand Island, NY, USA) and 10% fetal bovine serum (HyClone Laboratories, GE 
Healthcare Life Sciences, South Logan, UT, USA) with 5% CO2 at 37 °C. These culture 
components were added to prepare the culture medium, and the cell line culture plates 
were incubated at 37 °C at 5% CO2 in a humidified atmosphere. OS was induced using 
HG (Welgene Inc., Daegu, Korea). 

2.2. Properties of Experimental Waters 
EARW_8.5 was used as the experimental water in this study and was generated using 

an electrolyzing device equipped with a dual electrolysis system and manufactured by 
Hanumul Co., Ltd. (EP-5001; Hanumul Co., Ltd., Goyang-si, Korea). As an experimental 
control, we used tap water (TW) with pH 7.7 and EARW with pH 9.5. The properties of 
TW_7.7, EARW_9.5, and EARW_8.5 were measured using the following devices: pH 
(HM-31P, TOA DKK, Tokyo, Japan), H2 content (MARK-509, Hydrogen Meter, Nizhny 
Novgorod, Russia), total dissolved solids (TDS) (BOMEX, Beijing, China), and oxidation-
reduction potential (ORP) (RM-30P, TOA DKK, Tokyo, Japan). The resulting characteris-
tics of TW_7.7, EARW_9.5, and EARW_8.5 are mentioned in Table 1. 

Table 1. Characteristics of the experimental waters. 

Water pH ORP (mV) TDS (mg/L) H2 (ppb) 

TW_7.7 7.7 609 63 0 

EARW_9.5 9.5 -394 73 225 
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EARW_8.5 8.5 -63 67 150 
TW—tap water; EARW—electrolyzed alkaline reduced water; ORP—oxidation-reduction poten-
tial; TDS—total dissolved solids; H2—molecular hydrogen. 

2.3. Experimental Design 
HK-2 cells were thawed and sub-cultured at 37 °C with 5% CO2. HG (71.68 mM) was 

used to induce OS in HK-2 cells, which were treated with different amounts of experi-
mental water for 24 h. The five different groups used in this study were as follows: normal 
control (NC) group, HG induction only (HG only) as a non-treated (NT) group, HG in-
duction and TW_7.7 treatment (HG + TW_7.7) as a negative control experimental water 
group, HG induction and EARW_ 9.5 treatment (HG+EARW_9.5) as a positive control 
experimental water group, and HG induction and EARW_ 8.5 treatment (HG + EARW_ 
8.5) as an experimental water group. Briefly, HK-2 cells were separated, counted, and 
seeded in a specific culture plate for 24 h. The cells were then washed with 1X-phosphate 
buffer saline (1X-PBS) and incubated with HG medium (71.68 mM) for 24 h. They were 
then treated and incubated with 10% TW_7.7, EARW_ 9.5, or EARW_ 8.5 for 24 h. After 
treatment, the cells were washed thrice with 1X-PBS and used for further experiments. 

2.4. Cell Viability Assay 
In this study, Cell Counting Kit-8 (CCK-8) reagent from Quanti-MAX™ (Seoul, Ko-

rea) was used to assess cell viability according to the manufacturer’s instructions. Briefly, 
HK-2 cells were seeded in a 96-well plate in RPMI-1640 medium at a density of 2000 
cells/well. The plate was then incubated for 24 h at 37 °C with 5% CO2. After washing with 
1X-PBS, the cells were induced with HG and treated with different experimental water for 
24 h in RPMI-1640 medium. After treatment, the cells were washed thrice with 1X-PBS, 
and 10 μL of CCK-8 reagent with RPMI-1640 medium was added to each well. The cells 
were incubated for 3 h at 37 °C. Optical density (OD) was measured at 380 nm using a 
SpectraMax® ABS Plus absorbance microplate reader (Molecular Devices, San Jose, CA, 
USA). 

2.5. In-Cell Enzyme-Linked Immunosorbent Assay (ELISA) 
In a 96-well plate, an in-cell ELISA was performed to detect the levels of cleaved 

caspase-3, p-STAT1, and p-STAT3 in HK-2 cells using the appropriate antibodies. Briefly, 
the cells were fixed using 8% paraformaldehyde in a microplate. Following incubation, 
cells were permeabilized with a solution and blocked. The cells were then treated with 
antibodies against cleaved caspase-3, p-STAT1, and p-STAT3 (Cell Signaling Technology, 
Danvers, MA, USA) and kept overnight at 4 °C. They were then washed and incubated 
with secondary antibodies for 2 h the next day. Finally, proteins were detected in HRP-
labeled microplate wells and measured at 450 nm using a SpectraMax® ABS Plus micro-
plate reader (Molecular Devices, San Jose, CA, USA). 

2.6. Quantification of Total ROS and Nitric Oxide (NO) Assay 
OS was measured in HK-2 cells using 2′-7′-dichloro-dihydro-fluorescein diacetate 

(DCFHDA) reagent for ROS detection (Abcam, Cambridge, MA, USA), according to the 
manufacturer’s instructions. Briefly, a 96-well plate containing 10 μL sample and 100 μL 
of 20 μM DCFHDA was added to the wells and incubated for 30 min at 37 °C. Subse-
quently, a DTX 880 multi-mode microplate reader (Beckman Coulter Inc., Brea, CA, USA) 
was used to measure ROS absorbance at 488 nm excitation/525 nm emission. 

Additionally, the NO level in HK-2 cells was analyzed using Griess reagent (Promega 
Corp., Madison, WI, USA), following the manufacturer’s protocol. Briefly, 50 μL of sam-
ples and 50 μL of sulfanilamide were added to 96-well plates and incubated for 10 min at 
room temperature (RT). After incubation time, 50 μL N-(1-naphthyl)ethylenediamine di-
hydrochloride solution was added and incubated at RT for an additional 10 min. OD was 
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measured using SpectraMax® ABS Plus absorbance microplate reader (Molecular Devices, 
San Jose, CA, USA) at 520 nm. 

2.7. Assessment of Endogenous Antioxidant Assay 
An antioxidant assay was used to assess enzymatic activity in HK-2 cells. CAT (Bio-

max Co., Ltd., Seoul, Korea) and GPx (Biovision Inc., Milpitas, CA, USA) were used for 
this experiment. Briefly, HK-2 cells were cultured in culture plates (1 × 106) and washed 
with 1X-PBS after 24 h. Cell lysates were then collected after treatment using a specific 
assay buffer. After that, the cell lysates were centrifuged, and the supernatant was ex-
tracted for further experiments according to the manufacturer’s protocol. CAT and GPx 
activities in the cell lysates were quantified using SpectraMax® ABS Plus absorbance mi-
croplate reader (Molecular Devices, San Jose, CA, USA). The absorbance of CAT was 
measured at 560 nm, and GPx was measured at 340 nm. 

2.8. Assessment of Glucose Uptake Assay 
In this study, we performed a glucose uptake assay (Abcam, Seoul, Korea) according 

to the manufacturer’s guidelines. Briefly, HK-2 cells were serum-starved and washed with 
Krebs–Ringer Phosphate HEPES buffer. The cells were extracted using an extraction 
buffer and heated at 85 °C for 40 min. The obtained samples were then used for further 
investigation. Finally, the data were collected and analyzed after measuring the absorb-
ance at 412 nm using a spectrophotometer (Molecular Devices, San Jose, CA, USA). 

2.9. Analysis of ATP Concentration 
ATP was determined using a colorimetric assay kit (Biomax, Seoul, Korea), according 

to the manufacturer’s guidelines. Briefly, 1 × 106 cells were seeded in a culture plate over-
night at 37 °C and treated with HG and different experimental waters. After washing with 
1X-PBS, the cells were harvested, and the supernatant was extracted. In addition, 50 μL of 
the sample, standard, and reaction mix were added to a 96-well plate. The plates were 
incubated for 30 min at RT. Data were obtained by measuring absorbance at 570 nm using 
a spectrophotometer (Molecular Devices, San Jose, CA, USA). 

2.10. Western Blot Analysis 
The samples were harvested from different experimental groups of HK-2 cells using 

1X-radioimmunoprecipitation assay buffer (1X-RIPA) following the standard guidelines. 
The harvested samples were then centrifuged, and the supernatants were collected. After 
protein estimation and normalization, equal amounts of samples were loaded onto 12% 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) at 100 V for a 
specific time interval. The gels were then transferred onto nitrocellulose membranes for 2 
h, after which the membranes were blocked using a blocking solution (Takara Bio Inc., 
Kusatsu, Japan) for 2 h at RT. The membranes were then incubated with specific primary 
antibodies against β-actin, p-JNK, p-p38, p-STAT1, and p-STAT3 (1:1000) (Cell Signaling 
Technology, Danvers, MA, USA) overnight. The next day, after washing, membranes 
were incubated with specific secondary antibodies at RT for 2 h. Specific protein bands 
were visualized using enhanced chemiluminescence (ECL) (AmershamTM Cytiva, Little 
Chalfont, UK) in a UVP Biospectrum 600 Imaging System (UVP, LLC, Upland, CA, USA). 
Finally, ImageJ software (Bio-Rad, Hercules, CA, USA) was used for analysis. 

2.11. Cytokines Analysis 
The Bio-Plex Pro Human Cytokine Assay Kit (NovoBiotechnology Co. Ltd., Beijing, 

China) was used to examine cytokines, including IL-1β and IL-6, in the supernatant ob-
tained from HK-2 cells as described in the manufacturer’s protocol. In brief, cells were 
induced with 71.68 mM glucose and then treated with TW_7.7, EARW_9.5, and 
EARW_8.5. After treatment, the sample (supernatant) was obtained, and various 
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concentrations of the standard were prepared to compare the samples. After the addition 
of reagents in a 96-well plate according to the manufacturer’s instructions, the plates were 
used for reading, and data were collected. 

2.12. Statistical Analysis 
The quantified data are presented as mean ± standard error. Data analysis was con-

ducted using GraphPad Prism (version 5.0; GraphPad, San Diego, CA, USA). Statistical 
significance was set at p < 0.05. Furthermore, the study used a one-way analysis of vari-
ance (ANOVA) followed by multiple comparison tests (Tukey’s post-hoc test) to assess 
the mean values of different experimental groups. 

3. Results 
3.1. Cell Viability and Cleaved Caspase-3 Level in HG-Induced HK-2 Cells Are Alleviated by 
EWARW 

To study the effects of EARW_8.5 on HG-induced HK-2 cells, we induced the cells 
with HG (71.68 mM), which is obtained from HK-2 cell cytotoxicity (IC50) and treated them 
for 24 h [8] with TW_7.7, EARW_9.5, and EARW_8.5. Compared with the NC group, the 
viability of cells treated with HG was considerably reduced (p < 0.001). Similarly, a signif-
icant increase in cell viability was observed in cells treated with HG+EARW_8.5 (p < 0.001) 
compared to the HG-only and HG+TW_7.7-treated group (Figure 1A). Similarly, we 
found that after HG induction, levels of cleaved caspase-3, which is involved in pro-
grammed cell death, increased significantly (p < 0.01) compared with the NC group. How-
ever, treatment with EARW_8.5 significantly (p < 0.05) reduced the level of cleaved 
caspase-3 compared with the HG-only and HG+TW_7.7-treated group (Figure 1B). 

 
Figure 1. Effect of EARW_8.5 on cell viability and cleaved caspase-3 in HG-induced HK-2 cells. 
(A) Cell viability of HK-2 cells was analyzed after induction with 71.68 mM glucose and treatment 
with 10% TW_7.7, EARW_9.5, or EARW_8.5 for 24 h. (B) Cleaved caspase-3 was analyzed by an 
enzyme-linked immunosorbent assay (ELISA). Values were calculated as mean ± standard error of 
mean (SEM). * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences when tested 
with one-way analysis of variance (ANOVA). 

3.2. Increase in OS in HG-Induced HK-2 Cells Is Suppressed by EWARW 
To illustrate the antioxidant potential of EARW_8.5 against OS, ROS and NO levels 

were determined in HG-induced HK-2 cells. In particular, HG induction significantly in-
creased cellular ROS and NO levels compared to those in the NC group (both p < 0.001). 
The HG+TW_7.7 group showed a significant increase in cellular ROS (p < 0.001) and NO 
levels (p < 0.01) (Figure 2A,B). However, this increase in ROS levels was reduced after 
EARW_8.5 treatment (p < 0.001) compared to the HG-only and HG+TW_7.7 groups (Fig-
ure 2A). Similarly, the level of NO significantly decreased after treatment with EARW_8.5 
(p < 0.05) compared to the HG-only and HG+TW_7.7 group (p < 0.01), as shown in Figure 
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2B. Moreover, we chose CAT and GPx among the cellular antioxidant mechanisms to ex-
amine the effect of EARW_8.5 on these enzyme activities under OS. We found that CAT 
activity was significantly reduced in the HG+EARW_8.5 group compared to the HG-only 
(p < 0.01) and HG+TW_7.7 (p < 0.01) groups (Figure 2C). In contrast, we found that GPx 
activity was markedly enhanced in the HG+EARW group compared to the HG-only (p < 
0.01) and HG+ TW_7.7 (p < 0.001) groups (Figure 2D). 

 
Figure 2. OS markers, including ROS, NO, CAT, and GPx, were investigated to understand the 
effect of EARW_8.5 after HG-induction. HK-2 cells were induced with HG (71.68 mM) and treated 
with different experimental waters. After 24 h, (A) ROS, (B) NO, (C) CAT, and (D) GPx were ana-
lyzed. Values were calculated in mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate signif-
icant differences when tested with ANOVA. 

3.3. EWARW Attenuates the Increase in p-JNK and p-p38 MAPK Proteins in HG-Induced HK-
2 Cells 

To analyze the effects of EARW_8.5 on HG-induced HK-2 cells, we induced OS in 
HK-2 cells using 71.68 mM glucose and then treated them for 24 h with TW_7.7, 
EARW_9.5, or EARW_8.5. Western blotting and its relative concentrations were used to 
analyze the p-JNK and p-p38 proteins. Here, we found that p-JNK (p < 0.001) and p-p38 
(p < 0.001) MAPK proteins were significantly elevated in the HG-only group compared to 
the NC group (Figure 3). However, these increases in MAPK signaling proteins were 
markedly reduced after EARW_8.5 treatment (both p < 0.001). Similarly, the EARW_8.5-
treated group also showed a significant decline in p-JNK (p < 0.01) and p-p38 (p < 0.001) 
compared to the TW_7.7-treated group (Figure 3A,B). 
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Figure 3. MAPK proteins p-JNK and p-p38 were analyzed to study the effect of EARW_8.5 after 
HG-induction. (A) Western blotting and its relative intensity for p-JNK were analyzed. (B) West-
ern blot and its relative intensity for p-p38 were analyzed. Values were calculated in mean ± SEM. 
** p < 0.01 and *** p < 0.001 indicate significant differences tested with ANOVA. 

3.4. EWARW Improves Glucose Uptake and ATP Concentration in HG-Induced HK-2 Cells 
We measured glucose uptake levels and ATP concentrations to determine the effect 

of EARW_8.5 treatment on HG-induced HK-2 cells. Our results showed a significant in-
crease in glucose uptake after HG induction (p < 0.01) in the HG-only group compared to 
the NC group, whereas the HG+EARW_8.5 treatment group showed a significant reduc-
tion (p < 0.05) in glucose uptake compared to the HG-only and HG + TW_7.7 groups (Fig-
ure 4A). In contrast, we found that ATP concentration was significantly increased in the 
HG + EARW_8.5 treatment group as compared to the HG-only (p < 0.05) and HG + TW_7.7 
(p < 0.05) groups (Figure 4B). 

 
Figure 4. Effects of HG-induction on glucose uptake levels and ATP concentrations in HK-2 cells 
treated with TW_7.7, EARW_9.5, or EARW_8.5. HK-2 cells were induced with HG (71.68 mM) and 
then treated with various experimental waters. (A) After HG induction and treatment with differ-
ent experimental waters, a glucose uptake assay was performed. (B) ATP levels with 10% TW_7.7, 
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EARW_9.5, and EARW_8.5 were analyzed after HG induction. Data are presented as mean ± SEM. 
* p < 0.05 and ** p < 0.01 represent significant differences based on Tukey’s test and ANOVA test. 

3.5. EWARW Rescued STAT Proteins in HG-Induced HK-2 Cells 
After HG induction, we observed increased expression of p-STAT1 and p-STAT3 

proteins in HK-2 cells. In particular, we observed a significant increase in the protein lev-
els of p-STAT1 (p < 0.001) following HG induction in the HG-only group compared to the 
NC group in both the Western blot relative intensity and in-cell ELISA data. However, 
this expression was significantly reduced after treatment with EARW_8.5 as observed in 
Western blotting (p < 0.01) and in-cell ELISA (p < 0.05) compared to the HG-only group 
(Figure 5A). Additionally, our in-cell ELISA results for p-STAT1 in the EARW_8.5-treated 
group showed a significant reduction (p < 0.001) compared to the TW_7.7-treated group 
(Figure 5Aii). Similarly, we found significantly increased expression of p-STAT3 in the 
HG-only group compared to the NC group in HK-2 cells by Western blot relative intensity 
(p < 0.01) and in-cell ELISA (p < 0.001). Furthermore, we observed that treatment with 
EARW_8.5 reduced the relative expression of p-STAT3 in the Western blot data, but with-
out any significant difference compared to the HG-only and TW_7.7-treated groups. 
Moreover, the in-cell ELISA results showed significant downregulation of p-STAT3 after 
HG+EARW_8.5 treatment (p < 0.05) compared to both the HG-only and TW_7.7-treated 
groups (Figure 5B). 

 
Figure 5. Inflammatory markers p-STAT1 and p-STAT3 were investigated to understand the effect 
of EARW_8.5 with different pH after HG induction. (A) (i) Western blot relative intensity and (ii) 
in-cell ELISA test for p-STAT1 were performed. (B) (i) Western blot fold change and (ii) in-cell 
ELISA test for p-STAT3 were performed. Values were calculated as mean ± SEM. * p < 0.05, ** p < 
0.01, and *** p < 0.001 indicate significant differences tested with ANOVA. 

3.6. EWARW Rescues Pro-inflammatory Cytokines in HG-Induced HK-2 Cells 
We used HG-treated HK-2 cells to investigate the effects of EARW_8.5 in vitro. As 

shown in Figure 6, HK-2 cells were exposed to 71.68 mM glucose and then treated with 
TW_7.7, EARW_9.5, or EARW_8.5 in specified groups for 24 h. Interestingly, IL-1β (p < 
0.01) and IL-6 (p < 0.001) in the HG-induced group increased significantly compared to 
the NC group. Specifically, treatment with HG+EARW_8.5 reduced the level of IL-1β in 
comparison with the HG-only group, but the difference was not significant. However, the 
level of IL-6 in the HG + EARW_8.5 (p < 0.01) and HG + TW_7.7 (p < 0.05) groups decreased 
significantly compared to that in the HG-only group (Figure 6A,B). 
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Figure 6. Pro-inflammatory cytokine markers IL-1β and IL-6 were analyzed to investigate the ef-
fect of EARW_8.5 after HG-induction. Bio-Plex was used to perform and analyze the data for (A) 
IL-1β and (B) IL-6 with or without the treatment of EARW_8.5. Values were calculated as mean ± 
SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001 indicate significant differences tested with ANOVA. 

4. Discussion 
This study investigated the anti-oxidative and anti-diabetic effects of EARW_8.5 in 

HG-induced HK-2 cells. Several studies have demonstrated the beneficial effects of ARW 
against OS and diabetes in vivo and in vitro [3,8,29]. However, the collective anti-oxida-
tive, anti-inflammatory, and anti-diabetic effects of EWARW on HG-induced HK-2 cells 
have not been extensively explored. Towards this, only a few studies have examined the 
effects of EWARW at pH 8.5 [3]; however, the majority of the studies investigated the 
effects of EARW at pH ranging from 9.5 to 10.5 [5–7]. In this study, we investigated and 
compared the effects of EARW_8.5 against HG-induced nephrotoxicity using HK-2 cells 
as a diabetic in vitro model. To the best of our knowledge, this is the first study to explore 
the effects of EARW_8.5 on HG-induced HK-2 cells. This cell line is frequently used to 
evaluate cellular responses during in vitro nephrotoxicity [32,33]. 

Interestingly, we found that EARW_8.5 regulated the growth of HK-2 cells cultured 
in HG media. One study showed that the activity of cleaved caspase-3, which is involved 
in apoptosis, is altered under diabetic conditions in proximal tubular cells [34]. Thus, in 
this experiment, we attempted to explore whether reduced cell viability is associated with 
cell apoptosis and whether EARW_8.5 can reduce cleaved caspase-3 activity. Our results 
demonstrated that HG-induced HK-2 cells showed decreased cell viability caused by 
apoptosis, as shown by the significant cleaved caspase-3 activation. Importantly, treat-
ment with EARW_8.5 inhibited the enhanced onset of apoptosis (Figure 1). Thus, in this 
study, EARW_8.5 was efficient in countering the decreased cell viability caused by apop-
tosis. 

Next, we assessed ROS and NO levels to determine the effect of EARW_8.5 on OS 
caused by HG induction in HK-2 cells. OS influences the progression of diabetes-related 
complications [35]. At low concentrations, ROS and reactive nitrogen species (RNS) are 
considered the primary signaling regulators and essential for normal cellular activity [36]. 
Excessive production of ROS and NO can cause the cellular redox state to become unsta-
ble, leading to irreversible or permanent cellular damage and apoptosis [37,38]. Here, we 
found that EARW_8.5 effectively reduces the excessive production of ROS and NO in HG-
induced HK-2 cells. 

Similarly, we also attempted to explore the role of EARW_8.5 on the activity of anti-
oxidant enzymes such as CAT and GPx in HK-2 cells after HG induction. CAT and GPx 
help cells are free from free radicals, directly or indirectly [39,40]. CAT directly converts 
hydrogen peroxide (H2O2) (an oxygen-derived free radical) into water and oxygen, 
whereas GPx catalyzes the decomposition of H2O2 [41]. Moreover, CAT and GPx are 



Processes 2022, 10, 2025 11 of 15 
 

 

widely recognized antioxidants that reduce OS indicators such as ROS and NO in the kid-
neys and other cell lines, as mentioned in previous studies [8,42,43]. Interestingly, our 
results showed that with HG-induced OS, EARW_8.5 treatment efficiently boosted anti-
oxidant enzyme activities, including CAT and GPx (Figure 2). These findings suggest that 
by enhancing antioxidant enzyme activities, EARW_8.5 is efficient in mitigating the ex-
cessive production of harmful OS markers. 

Additionally, to better understand the anti-oxidative effect of EARW_8.5, we focused 
on the p-JNK and p-p38 proteins of the MAPK pathway. Multiple investigations have 
shown that MAPK proteins are necessary for transforming extracellular signals into cel-
lular reactions. JNK and p38 proteins are part of the MAPK signaling pathway, which is 
activated in response to various cellular stresses in renal diseases [8,42,44,45]. Moreover, 
the downstream proteins of the MAPK pathway, p-p38 and p-JNK, are essential for cellu-
lar reactions and OS [46,47]. However, research has also shown that ARW contributes to 
an increase in the endogenous antioxidants that defend cells against OS [3]. In this study, 
we induced HK-2 cells with HG and observed a significant increase in the p-JNK and p-
p38 levels. However, after treatment with EARW_8.5, we found a significant reduction in 
their levels (Figure 3). This indicates that EARW_8.5 is effective in reducing MAPK pro-
teins by enhancing endogenous antioxidants. 

Moreover, we investigated glucose uptake and ATP concentration to confirm the hy-
pothesis that EARW_8.5 regulates metabolism by regulating diabetes-associated 
nephropathy. In proximal tubular cells, HG treatment promotes mitochondrial stress and 
apoptosis [48,49]. One study explained that HG levels in the cells reduced mitochondrial 
fusion proteins, increasing mitochondrial fission proteins and cellular apoptosis. HG con-
centration-mediated cellular stress is linked to glucose uptake and ATP production [16]. 
Similarly, we found that HG induction in HK-2 cells increased glucose uptake. However, 
the ATP concentration in the cells showed a decreasing trend but not significantly. This 
demonstrates that besides the increased glucose uptake in the cells of the HG-only group, 
the production of ATP was slightly reduced. Hence, glucose cannot be metabolized 
properly, and the resulting increased glucose in the cytosol exacerbates OS. 

In contrast, as expected, the increase in glucose uptake was reduced after the admin-
istration of EARW_8.5, and the ATP content was also significantly increased compared to 
the HG-only group. These results show that glucose in the cytosol is healthily metabolized 
and converted to ATP after EARW_8.5 treatment (Figure 4). Correspondingly, our results 
indicate that the physiological properties of EARW_8.5 in HK-2 cells help reduce the det-
rimental effect of diabetes and restore renal function by stabilizing the glucose uptake 
levels with an upsurge in ATP concentration. 

Furthermore, we demonstrated that EARW_8.5 treatment inhibits the renal expres-
sion of STAT proteins that are implicated in the inflammatory response after HG induc-
tion in HK-2 cells. Hyperglycemia promotes renal dysfunction linked with diabetes by 
regulating a diverse range of genes involved in cell growth and inflammation through the 
JAK/STAT proteins [50–52]. The phosphorylation of downstream transcription factors, 
such as STAT1 and STAT3, is mediated by JAK [53]. Multiple studies have shown that 
STAT activation leads to the development of chronic inflammation, in which HG causes 
kidney damage in vivo and in vitro [20,54]. Thus, STAT protein members could be a po-
tential molecular target for anti-inflammatory therapy [55]. We found that EARW_8.5 re-
duced p-STAT1 and p-STAT3 activation in HG-induced HK-2 cells (Figure 5). This finding 
indicates that modulation of this channel with EARW_8.5 can be used to rescue diabetes-
related kidney disease. 

Finally, as the STAT pathway also regulates cell proliferation and activation, it is a 
crucial intracellular mechanism for cytokines and other stimuli [20]. Several studies have 
reported that abnormal inflammation by HG can result in the modulation of pro-inflam-
matory cytokines, such as IL-1β and IL-6, in HK-2 cells, which can lead to renal damage 
[8,22,56–58]. It has also been reported that EARW can be used to rescue the cytokines that 
are elevated by OS [59]. Thus, we also investigated the impact of EARW_8.5 on pro-
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inflammatory cytokines in HG-induced HK-2 cells. We observed that IL-1β and IL-6 levels 
increased after HG induction. Treatment with EARW_8.5 reduced these changes in the 
cytokine levels. Among these cytokines, IL-6 levels were drastically upregulated after HG 
induction, an initial marker of acute inflammation [60] (Figure 6). This evidence supports 
the beneficial role of EARW_8.5 in inflammation linked with OS generated by HG induc-
tion in HK-2 cells. 

However, the present study had some limitations. This study utilized proximal tub-
ular epithelial cells, an HK-2 cell line, to investigate the anti-diabetic potential of 
EARW_8.5 in vitro. Further mechanistic research studies are needed in different kidney 
cells in relation to diabetes-associated nephropathy dysfunction. A detailed mechanistic 
investigation of the underlying processes and metabolic investigation, including cytosolic 
and mitochondrial pathways, is needed for better understanding, as EARW_8.5 reflects 
multiple effects on renal cells linked to anti-diabetic, anti-oxidative, and anti-inflamma-
tory actions. In conclusion, although various studies on diabetes have been performed to 
determine the effect of EARW, to the best of our knowledge, this is the first study to ex-
plore the anti-diabetic, anti-oxidative, and anti-inflammatory effects of EARW_8.5 on re-
nal HK-2 cells. Moreover, we found that EARW_8.5 had a regulatory impact on various 
parameters, including cell survival, OS, metabolism, and inflammation, compared to TW. 
Our results demonstrate that EARW_8.5 regulates and rescues the detrimental effects of 
diabetes by improving metabolism and alleviating OS and inflammation. Hence, with its 
therapeutic properties, this study supports the use of EARW_8.5 as an adjuvant treatment 
to treat diabetic patients with renal problems. 
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