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High glucose level and angiotensin 
II type 1 receptor stimulation 
synergistically amplify oxidative 
stress in renal mesangial cells
Tetsuya Akaishi   1, Michiaki Abe   1,2, Hiroshi Okuda1, Kota Ishizawa1, Takaaki Abe   2, 
Tadashi Ishii1 & Sadayoshi Ito2

Oxidative stress in renal mesangial cell causes diabetic glomerular changes. High glucose levels and 
angiotensin II (Ang II) are known to stimulate superoxide production in renal mesangial cells. However, 
it has been unclear whether Ang II stimulation and pre-conditioning with high glucose affects the 
same pathway of superoxide production in renal mesangial cells or not. In this study, we examined 
the levels of oxidative stress under Ang II stimulation in renal mesangial cells preincubated for six 
hours at various glucose levels. Intracellular levels of reactive oxidative species (ROS) were measured 
using dihydroethidium or 5′,6′-chloromethyl- 2′,7′ dichlorodihydro-fluorescein diacetate, which 
facilitates the detection of intracellular ROS under real-time fluorescent microscope. Ang II-induced 
elevated intracellular ROS levels were detected only when the cells were pre-incubated with high 
levels of glucose (13.5 mM, 27.8 mM), but was not detected under normal glucose condition (5.5 mM). 
Production of Ang II-induced intracellular ROS was higher under pre-treatment with 27.8 mM glucose 
compared to pretreatment with 13.5 mM glucose level. This ROS production in mesangial cells was 
induced within several minutes of the initiation of Ang II stimulation under high glucose levels. The 
production of intracellular ROS was significantly reduced in the presence of angiotensin II type1-
receptor (AT1R) antagonist, whereas it was augmented in the presence of angiotensin II type2-receptor 
antagonist. In conclusion, Ang II-induced oxidative stress was augmented by high glucose levels and 
ROS levels were further alleviated in the presence of AT1R antagonists.

Renal glomerular changes in diabetic patients are recognized as mesangial expansion and fusion of foot processes 
on podocytes1,2. These glomerular pathological changes are triggered by oxidative stress and one of the generator 
of such changes is mesangial cell (MC)3,4. MCs are known to produce extracellular matrix as supportive tissue 
and to maintain glomerulocapillary structure by contracting, or to act as immune cells like phagocytes5–7. Since 
MCs in renal glomeruli can contract and hold the capillaries together at the stalk, damages in them could result in 
mesangial expansion. Previous studies on the pathophysiological mechanism in diabetic nephropathy reported 
that very high concentration of glucose (i.e. ~25–30 mM), which is equivalent to about 450–540 mg/dL serum 
glucose level, increases the oxidative stress via increase in reactive oxygen species (ROS) in MCs8,9. However, 
whether such intracellular ROS production also occurs at lower levels of glucose (10–15 mM; 180–270 mg/dL 
serum glucose level) is still inconclusive. Since microalbuminuria, which is associated with diabetic microvascu-
lar complication, can be observed in the early stage of impaired glucose tolerance, there is a possibility that such 
ROS production also occurs in this condition under mildly elevated glucose levels10. If such a speculation could 
be validated, it would strongly suggest that hyper-activated ROS production in renal mesangial cells are associ-
ated with the pathogenesis of diabetic glomerular injury from the early stages.

In addition to the high glucose levels, angiotensin II (Ang II) stimulation has been also reported to pro-
mote ROS production in MCs11–13. Only a few studies that evaluated the ROS production in MCs under differ-
ent glucose levels and Ang II stimulation conditions, especially under mild glucose levels have been conducted. 
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Moreover, there has been no study on the evaluation of ROS production in MCs under various glucose levels and 
Ang II stimulations given at different times.

To verify that ROS production in MCs, stimulated by elevated glucose levels and Ang II, is one of the essential 
pathophysiological mechanisms in diabetic nephropathy, we exposed the cultured MCs separately to mild glucose 
levels and Ang II stimulations at different timings and observed the ROS production in them over time. In this 
study, we measured the production of ROS in MCs over time after pre-incubating for six hours under various 
glucose levels (5.5, 13.5, and 27.5 mM) with or without Ang II stimulation. Besides, to investigate the synergistic 
negative effect of glucose and Ang II, Ang II was administered at different timings in the presence of glucose.

Materials and Methods
Reagents.  Dihydroethidium (DHE) and 5′,6′-chloromethyl-2′,7′ dichlorodihydro-fluorescein diacetate 
(CM-H2DCFDA) were purchased from Molecular Probes Inc. (Eugene, OR). Both reagents were dissolved with 
DMSO and diluted for daily use. Modified Hanks’ balanced salt solution (HBSS) and fetal calf serum (FCS) were 
purchased from Invitrogen (Carlsbad, CA). D-glucose (glucose), L-glucose, Ang II, HEPES, L-arginine, Tiron, 
PD123319 (angiotensin II type 2-receptor antagonist), and polyethylene glycol (PEG)-catalase were purchased 
from Sigma (St. Louis, MO), while RNH-6270 (angiotensin type1-receptor antagonist) was purchased from 
Sankyo Co. (Tokyo, Japan).

Mesangial cell cultures.  The human mesangial cells (MCs) (Cambrex, Walkersville, MD) were spread and 
cultured on 15 mm-round cover glasses in MsBN medium (Cambrex, Walkersville, MD) containing 5% v/v FCS 
and 0.1% v/v gentamicin sulfate/amphotericin-B under an atmosphere of 95% O2/5% CO2 at 37 °C. The cells were 
used from 6th to 10th passage.

Real-time fluorescence imaging of cells.  Fluorescence measurements were obtained using IX71 inverted 
microscope (Olympus, Tokyo, Japan) attached with a 60× (numerical aperture 0.9) water-immersion objective 
lens as previously reported14. The signal was detected by a cool CCD video camera Ixon (Andor Co., Tokyo, 
Japan) coupled to Lambda-10.2 (Sutter Instruments, CA), and excitation was provided by Sutter DG-4 and 175-W 
Xenon-Arc lamp (Sutter Instruments, Navato, CA). For the experiments, cover slips were placed in an imag-
ing chamber (RC-42LP and RC-43C; Warner Instruments, Hamden, CT) mounted on the stage of the inverted 
microscope and maintained at 37 °C with TC-344B thermo-warmer for chamber and TA-29 thermo-warmer 
for perfusate (Warner Instruments, Hamden, CT). The changes in fluorescence intensity were quantified using 
MetaFluor imaging software (Universal Imaging Co., Ypsilanti, MI) for each experiment. To exclude the possi-
bility of selection bias of the measured MCs, the fluorescence intensity of all living mesangial cells in each cover 
glass was measured.

Measurement of oxidative stress in mesangial cells.  Protocol 1 (evaluation of O.2− production in MCs 
under various conditions).  MCs cultured till ~75–90% confluence on 15 mm-round cover glasses were incu-
bated in the culture media containing 5.5 mM (100 mg/dL) or 13.5 mM (240 mg/dL) glucose with or without 
10–7 M Ang II for 6 hours. The cover glass was set on the chamber of the microscope and cells were washed with 
HBSS containing 20 mM HEPES, 5.5 mM glucose, and 100 μM L-arginine (pH7.4). The buffer was subsequently 
exchanged with assay buffer containing 5 µM of DHE. DHE-penetrated cell membrane and intracellular DHE 
is oxidized by O.2− to form ethidium (Eth), which integrates into DNA. Intracellular Eth was excited at 480 nm 
wavelength and red fluorescent signal was detected through emission filter of 605 nm wavelength, as shown in 
Fig. 114–16. As dying cells were detached from the bottom, imaging signal of Eth was collected after every 10 s from 
each living cell attached to the bottom of the cover glass. For each condition, a total of five cover glasses were 
prepared, each of which contained about 10–15 live MCs on the bottom. Fluorescent signal from each of all living 
MCs under each pre-condition and timing was quantified.

Protocol 2 (evaluation of acute response of H2O2 against Ang II stimulation in MCs).  MCs were incubated in 
culture media containing 5.5, 13.5, or 27.8 mM glucose for 6 hours. The cells were next washed with vehicle 
buffer containing 300 nM CM-H2DCFDA at a continuous flow rate of 1 mL/min. CM-H2DCFDA is converted 
to H2DCF by cellular esterase and trapped in the cell. Then, intracellular H2DCF is oxidized by ROS and gets 
converted into fluorescent DCF17,18. For stimulation of MCs, the assay buffer was exchanged with stimulation 
buffer containing 10−7 M of Ang II. The active form of DCF was excited at 480 nm wavelength and the signal was 
detected through emission filter of 535 nm wavelength. The imaging signals of cells attached on cover glass were 
collected after every 10 s.

Statistical analysis.  In protocol 1, the slopes of the Eth response were calculated from the final 300 s of 
experimental period after the control equilibration. In protocol 2, the slopes of the DCF were calculated from the 
final 150 s of vehicle and Ang II period. All data were presented as mean ± standard error (SE). The significance 
of slope in the responses between vehicle and compounds was performed using unpaired Student’s t-test. The 
significance of change in the slope of each response curve from the control period (0–160 s) to the experimental 
period (180–340 s) was evaluated using paired t-test.

Results
Synergistic effect of Ang II and glucose on superoxide anion production in MCs under chronic 
condition (Protocol 1).  MCs were pre-incubated with 5.5 mM or 13.5 mM glucose, with or without the 
presence of 10−7 M of Ang II for six hours. Then, DHE was added and the intracellular Eth level was measured 
after every 10 s for up to 400 s. The chronological changes in intracellular level of Eth under such conditions are 
shown in Fig. 2. The production of Eth was significantly increased by pre-conditioning with 13.5 mM glucose 
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along with Ang II stimulation, compared to that in control (slope: 4.24 ± 0.42 units/s; p < 0.05, compared to 
control); however, it was not increased after pre-conditioning with 5.5 mM glucose even with Ang II stimulation 
(slope: 3.57 ± 0.13 units/s; p > 0.05, not significant, compared to control). There was no increase in intracellular 
ROS level after pre-treatment with AT1R antagonist (RNH6720) and it was comparable with the ROS level in 
control (slope: 2.61 ± 0.16 units/s; p < 0.05, compared to Ang II stimulated samples).

Although not shown in Fig. 2, a scavenger agent of superoxide anions, Tiron (10 µM), ameliorated the Eth 
responses obtained after pre-treatment with 13.5 mM glucose along with Ang II stimulation, which confirmed 
that stimulation with high glucose along with Ang II increased the production of O.2− in MCs (slope: 1.04 ± 0.45 
units/s; p < 0.05, compared to samples treated with Ang II without Tiron condition). Furthermore, to exclude the 
effect of osmolarity due to high glucose, the substitution of buffer with 13.5 mM L-glucose did not enhance the 
Ang II-induced O.2− production (slope: 0.93 ± 0.21 units/s; p < 0.05, compared to samples treated with Ang II 
along with 13.5 mM D-glucose).

Effect of Ang II on ROS production in MCs (Protocol 2).  Effect of Ang II on the production of ROS 
was assessed in MCs. MCs were pre-incubated in the medium containing 13.5 mM glucose for 6 hours. After the 

Figure 1.  Fluorescence intensity of ethidium derived due to the oxidation of DHE by intracellular superoxide 
(Protocol 1). The fluorescence intensity reflects the levels of intracellular superoxide. The dihydroethidium 
(DHE) administered in the buffer penetrates cell membrane and is oxidized by superoxide anions to form 
ethidium (Eth), which emits red fluorescence (excitation filter: 480 nm wavelength; emission filter: 605 nm 
wavelength). All living cells, which were attached to the bottom of cover glass, were examined for the 
fluorescence emission after every 10 s. We estimated that the intracellular superoxide level was the highest after 
pre-conditioning with 13.5 mM glucose + Ang II. Abbreviations: Ang II, angiotensin II; DHE, dihydroethidium; 
Glu, glucose; mM, mmoL/L; RNH, angiotensin II type 1 receptor antagonist; s, seconds.

Figure 2.  Chronological changes in levels of intracellular ethidium under different pre-conditionings (Protocol 1).  
The slope of intracellular ethidium signal from each living mesangial cell reflects the level of intracellular 
superoxide after each pre-conditioning (above: 5.5 mM glucose; below: 13.5 mM glucose). Ethidium signal was 
measured every 10 s after administering DHE. The signal slopes were significantly different in the presence of 
Ang II stimulation after pre-conditioning with 13.5 mM glucose, but were not different after pre-conditioning 
with 5.5 mM glucose. The error bar of each plot shows standard error of the measured ethidium signal. 
Abbreviations: Ang II, angiotensin II; DHE, dihydroethidium; n.s., not significant; RNH, angiotensin II type 1 
receptor antagonist.
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pre-incubation, ROS produced in the MCs were quantified using CM-H2DCFDA. O.2−, a primary compound 
of ROS, rapidly catalyzes into hydrogen peroxide (H2O2) or reacts with NO to form peroxynitrite (ONOO−). 
H2DCF reacts rapidly with both H2O2 and ONOO−, and thus, reflects the total amount of O.2−, indirectly. As 
shown in Fig. 3, the vehicle buffer containing inactivated CM-H2DCFDA without Ang II did not increase the 
levels of activated DCF. However, once 10−7 M Ang II was added to the experimental buffer, the intracellular ROS 
level was significantly and rapidly increased (slope for 0–150 and 200–350 s: 0.38 ± 0.10 vs. 1.11 ± 0 .06, p < 0.05). 
Pre-treatment with 50 mU/L of PEG-catalase, which reduces oxidative stress, significantly reduced the slope 
(0.50 ± 0.08 units/s), compared to that in samples treated with 13.5 mM glucose without PEG-catalase (p < 0.05). 
These results suggested that the production of the intracellular ROS started immediately (within less than 100 s) 
after the exposure of MCs to Ang II stimulation.

Effect of glucose concentration on the production of Ang II-induced H2O2 (Protocol 2).  We 
also compared the levels of Ang II-induced ROS production under various glucose levels (i.e. 5.5 mM, 13.5 mM, 
and 27.8 mM). MCs were pre-incubated in the medium containing various concentrations of glucose for 6 h. 
After the pre-incubation, the media were replaced with vehicle buffer. Then the vehicle was exchanged with the 
experimental buffer containing 10−7 M Ang II. If ROS is produced in the MCs, fluorescent signals of activated 
DCF get enhanced. As shown in Fig. 3, the vehicle buffer containing inactivated CM-H2DCFDA, without Ang II, 
did not increase the levels of activated DCF in samples pre-conditioned with any of the glucose concentrations 
(slopes: 0.28 ± 0.06, 0.38 ± 0.10, and 0.31 ± 0.06 units/s for 5.5 mM, 13.5 mM and 27.8 mM glucose, respectively). 
Interestingly, once 10−7 M Ang II was added to the experimental buffer, the intracellular ROS was significantly 
increased under every glucose concentration (slopes: 0.90 ± 0.13, 1.11 ± 0.06, and 1.70 ± 0.28 units/s for 5.5 mM, 
13.5 mM, and 27.8 mM glucose, respectively). These data suggested that the level of Ang II-induced mesangial 
oxidative stress after Ang II exposure was dependent on the glucose level during pre-conditioning.

Effect of two types of angiotensin II receptors on oxidative stress.  While the pre-treatment with 
RNH-6270 significantly suppressed the AT1R-induced oxidative stress in mesangial cells (slope: 0.53 ± 0.10 
units/s; p < 0.05, compared to vehicle), pre-treatment with 10 µM PD123319 (PD), an AT2R-specific blocker, sig-
nificantly enhanced oxidative stress (slope: 1.58 ± 0.22 units/s; p < 0.05, compared to vehicle), as shown in Fig. 4. 
These results show that ROS production is regulated by the balance of AT1R and AT2R.

Discussion
In this study, we showed that Ang II-mediated induction of oxidative stress in mesangial cells is dependent to the 
extracellular glucose level around the MCs. Moreover, we demonstrated that pre-conditioning with high glucose 
caused rapid generation of mesangial oxidative stress within several minutes of Ang II-stimulation. Such Ang 
II-induced generation of oxidative stress under high glucose condition resulted from AT1R effect, since AT1R 
inhibitor apparently restored the ROS level to a normal range.

Ang II exposure has already been known to cause mesangial cell damage or apoptosis19. As discussed earlier, 
MCs are not merely supporting tissues which sustain glomerular structure, but they can also contract capillaries 
or function as phagocytes. Mesangial damage has been known to lead to many glomerular diseases, including 
diabetic nephropathy20,21. However, the exact physiological mechanism of mesangial damage in diabetic nephrop-
athy is not yet known, even though diabetic nephropathy is the leading cause of end-stage renal disease22. This 
study demonstrated a potential mechanism (i.e. ROS production in MCs) behind the development of diabetic 
nephropathy under mildly-elevated serum glucose levels, which is further augmented by Ang II stimulation. 
This theory is supported by a previous study which showed that co-administration of high levels of glucose and 

Figure 3.  Chronological changes in levels of intracellular activated CM-H2DCFDA before and after angiotensin 
II stimulation (Protocol 2). In this protocol, acute response of H2O2 level against angiotensin II stimulation 
in mesangial cells was evaluated. The vehicle buffer containing only inactivated CM-H2DCFDA without 
angiotensin II did not increase the activated CM-H2DCFDA levels in any of the samples pre-conditioned with 
glucose. Once 10−7 M angiotensin II was added to the experimental buffer, intracellular superoxide level was 
rapidly enhanced within several minutes after changing the buffer at every glucose level, especially under high 
glucose levels (13.5 mM and 27.8 mM). The error bar of each plot shows standard error. Abbreviations: Ang II, 
angiotensin II; Glu, glucose; mM, mmoL/L; PEG-Cat; polyethylene glycol catalase; s, second.
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Ang II stimulation under chronic condition activated MC inflammation via toll-like receptor 4 signaling23. In 
addition to the findings of this previous report, our data demonstrated that oxidative stress was induced in MCs 
shortly after the stimulation of Ang II. In addition, our data indicated that if such Ang II stimulation persisted for 
more than several hours, MC oxidative stress could be induced even under the condition of only mildly elevated 
glucose levels.

Based on these findings that glucose and Ang II stimulation may play synergistic effect on ROS produc-
tion, an important therapeutic strategy for diabetic nephropathy has been suggested wherein it would 
be necessary to maintain the serum glucose level within a normal range. In addition, suppressing the 
renin-angiotensin-aldosterone axis by Ang II receptor blockers (ARBs) would be effective in preventing the pro-
gression of mesangial damage. More specifically, based on the result shown in Fig. 4, AT1R-receptor blockers, 
such as olmesartan, suppressed the mesangial oxidative stress. This result corroborated with the previous studies 
that demonstrated the advantage of AT1R antagonist, such as olmesartan, losartan, or irbesartan in therapeutic 
management of the hypertensive patients with type-2 diabetes24–27. Considered together with our findings, AT1R 
antagonists would be beneficial both for controlling hypertension by blocking AT1R-mediated vessel contrac-
tion and for preventing end-stage renal disease by suppressing the AT1R-mediated mesangial oxidative stress. In 
hypertensive patients with type-2 diabetes, administration of AT1R antagonists is highly recommended, along 
with the management of serum glucose level.

As a limitation of this study, the exact molecular pathway correlating high glucose level and mesangial Ang 
II-induced production of ROS has not been identified yet. Based on several previous reports, TLR4 and NADPH 
oxidase 4 could be among the promising candidates; however, we need to conduct additional experiments to 
validate this speculation28–31.

Conclusions
High glucose level in the surrounding extracellular fluid augmented mesangial Ang II-induced ROS production 
via AT1R leading to oxidative stress. Both glucose and Ang II exert synergistic effects on ROS production. Under 
the condition of high glucose level, Ang II stimulation rapidly activated ROS production in MCs. When MCs 
were exposed to Ang II under chronic condition for more than several hours, even mildly-elevated glucose level 
could increase the ROS production in them. In practice, not only adjusting the serum glucose level of the DM 
patients, but also suppressing the excessive activity of RAA axis could be a good strategy to prevent the mesangial 
damage in hyperglycemia-induced glomerular diseases.

Data Availability
All relevant data are provided within the paper and its supporting file (Supplementary Table 1).

References
	 1.	 Dalla Vestra, M., Saller, A., Mauer, M. & Fioretto, P. Role of mesangial expansion in the pathogenesis of diabetic nephropathy. 

Journal of nephrology 14(Suppl 4), S51–57 (2001).
	 2.	 Hoshi, S. et al. Podocyte injury promotes progressive nephropathy in zucker diabetic fatty rats. Laboratory investigation; a journal of 

technical methods and pathology 82, 25–35 (2002).
	 3.	 Satoh, M. et al. NAD(P)H oxidase and uncoupled nitric oxide synthase are major sources of glomerular superoxide in rats with 

experimental diabetic nephropathy. American journal of physiology. Renal physiology 288, F1144–1152, https://doi.org/10.1152/
ajprenal.00221.2004 (2005).

	 4.	 Gill, P. S. & Wilcox, C. S. NADPH oxidases in the kidney. Antioxidants & redox signaling 8, 1597–1607, https://doi.org/10.1089/
ars.2006.8.1597 (2006).

	 5.	 Ishimura, E., Sterzel, R. B., Budde, K. & Kashgarian, M. Formation of extracellular matrix by cultured rat mesangial cells. The 
American journal of pathology 134, 843–855 (1989).

Figure 4.  Chronological changes in levels of intracellular activated CM-H2DCFDA in the presence of 
angiotensin II receptor antagonists (Protocol 2). Acute response of H2O2 levels against angiotensin II 
stimulation in mesangial cells was significantly enhanced by administration of angiotensin II type 2 receptor 
antagonist (PD), but was significantly reduced by administration of angiotensin II type 1 receptor antagonist 
(RNH). Based on this result, angiotensin II-induced generation of oxidative stress in mesangial cells was 
suggested to be mediated by angiotensin II type 1 receptor. The error bar of each plot shows standard error. 
Abbreviations: Ang II, angiotensin II; M, mol/l; PD, angiotensin II type 2 receptor antagonist; RNH, angiotensin 
II type 1 receptor antagonist; s, second.

https://doi.org/10.1038/s41598-019-41536-z
https://doi.org/10.1152/ajprenal.00221.2004
https://doi.org/10.1152/ajprenal.00221.2004
https://doi.org/10.1089/ars.2006.8.1597
https://doi.org/10.1089/ars.2006.8.1597


6Scientific Reports |          (2019) 9:5214  | https://doi.org/10.1038/s41598-019-41536-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 6.	 Olivera, A., Lamas, S., Rodriguez-Puyol, D. & Lopez-Novoa, J. M. Adenosine induces mesangial cell contraction by an A1-type 
receptor. Kidney international 35, 1300–1305 (1989).

	 7.	 Schreiner, G. F. The mesangial phagocyte and its regulation of contractile cell biology. Journal of the American Society of Nephrology: 
JASN 2, S74–82 (1992).

	 8.	 Catherwood, M. A. et al. Glucose-induced oxidative stress in mesangial cells. Kidney international 61, 599–608, https://doi.
org/10.1046/j.1523-1755.2002.00168.x (2002).

	 9.	 Singh, R., Singh, A. K., Alavi, N. & Leehey, D. J. Mechanism of increased angiotensin II levels in glomerular mesangial cells cultured 
in high glucose. Journal of the American Society of Nephrology: JASN 14, 873–880 (2003).

	10.	 Singleton, J. R., Smith, A. G., Russell, J. W. & Feldman, E. L. Microvascular complications of impaired glucose tolerance. Diabetes 52, 
2867–2873 (2003).

	11.	 Jaimes, E. A., Galceran, J. M. & Raij, L. Angiotensin II induces superoxide anion production by mesangial cells. Kidney international 
54, 775–784, https://doi.org/10.1046/j.1523-1755.1998.00068.x (1998).

	12.	 Kamiyama, M. et al. Oxidative stress/angiotensinogen/renin-angiotensin system axis in patients with diabetic nephropathy. 
International journal of molecular sciences 14, 23045–23062, https://doi.org/10.3390/ijms141123045 (2013).

	13.	 Kashihara, N., Haruna, Y., Kondeti, V. K. & Kanwar, Y. S. Oxidative stress in diabetic nephropathy. Current medicinal chemistry 17, 
4256–4269 (2010).

	14.	 Abe, M. et al. Effect of sodium delivery on superoxide and nitric oxide in the medullary thick ascending limb. American journal of 
physiology. Renal physiology 291, F350–357, https://doi.org/10.1152/ajprenal.00407.2005 (2006).

	15.	 Rouhanizadeh, M. et al. Oxidized-1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine induces vascular endothelial 
superoxide production: implication of NADPH oxidase. Free radical biology &. medicine 39, 1512–1522, https://doi.org/10.1016/j.
freeradbiomed.2005.07.013 (2005).

	16.	 Souma, T. et al. Luminal alkalinization attenuates proteinuria-induced oxidative damage in proximal tubular cells. Journal of the 
American Society of Nephrology: JASN 22, 635–648, https://doi.org/10.1681/asn.2009111130 (2011).

	17.	 Wang, H. & Joseph, J. A. Quantifying cellular oxidative stress by dichlorofluorescein assay using microplate reader. Free radical 
biology & medicine 27, 612–616 (1999).

	18.	 Miyazawa, N. et al. Methylglyoxal augments intracellular oxidative stress in human aortic endothelial cells. Free radical research 44, 
101–107, https://doi.org/10.3109/10715760903321788 (2010).

	19.	 Lodha, S. et al. Angiotensin II-induced mesangial cell apoptosis: role of oxidative stress. Molecular medicine (Cambridge, Mass.) 8, 
830–840 (2002).

	20.	 Scindia, Y. M., Deshmukh, U. S. & Bagavant, H. Mesangial pathology in glomerular disease: targets for therapeutic intervention. 
Advanced drug delivery reviews 62, 1337–1343, https://doi.org/10.1016/j.addr.2010.08.011 (2010).

	21.	 Qian, Y., Feldman, E., Pennathur, S., Kretzler, M. & Brosius, F. C. 3rd From fibrosis to sclerosis: mechanisms of glomerulosclerosis 
in diabetic nephropathy. Diabetes 57, 1439–1445, https://doi.org/10.2337/db08-0061 (2008).

	22.	 Ghaderian, S. B., Hayati, F., Shayanpour, S. & Beladi Mousavi, S. S. Diabetes and end-stage renal disease; a review article on new 
concepts. Journal of renal injury prevention 4, 28–33, https://doi.org/10.12861/jrip.2015.07 (2015).

	23.	 Lv, J., Chen, Q., Shao, Y., Chen, Y. & Shi, J. Cross-talk between angiotensin-II and toll-like receptor 4 triggers a synergetic 
inflammatory response in rat mesangial cells under high glucose conditions. Biochemical and biophysical research communications 
459, 264–269, https://doi.org/10.1016/j.bbrc.2015.02.096 (2015).

	24.	 Hao, G. et al. Effects of ACEI/ARB in hypertensive patients with type 2 diabetes mellitus: a meta-analysis of randomized controlled 
studies. BMC cardiovascular disorders 14, 148, https://doi.org/10.1186/1471-2261-14-148 (2014).

	25.	 Haller, H. et al. Olmesartan for the delay or prevention of microalbuminuria in type 2 diabetes. The New England journal of medicine 
364, 907–917, https://doi.org/10.1056/NEJMoa1007994 (2011).

	26.	 Brenner, B. M. et al. Effects of losartan on renal and cardiovascular outcomes in patients with type 2 diabetes and nephropathy. The 
New England journal of medicine 345, 861–869, https://doi.org/10.1056/NEJMoa011161 (2001).

	27.	 Lewis, E. J. et al. Renoprotective effect of the angiotensin-receptor antagonist irbesartan in patients with nephropathy due to type 2 
diabetes. The New England journal of medicine 345, 851–860, https://doi.org/10.1056/NEJMoa011303 (2001).

	28.	 Murdoch, C. E. et al. Role of endothelial Nox2 NADPH oxidase in angiotensin II-induced hypertension and vasomotor dysfunction. 
Basic research in cardiology 106, 527–538, https://doi.org/10.1007/s00395-011-0179-7 (2011).

	29.	 Topchiy, E. et al. Nox4-generated superoxide drives angiotensin II-induced neural stem cell proliferation. Developmental 
neuroscience 35, 293–305, https://doi.org/10.1159/000350502 (2013).

	30.	 Verzola, D. et al. Uric acid promotes apoptosis in human proximal tubule cells by oxidative stress and the activation of NADPH 
oxidase NOX 4. PloS one 9, e115210, https://doi.org/10.1371/journal.pone.0115210 (2014).

	31.	 Milanesi, S. et al. Uric acid and angiotensin II additively promote inflammation and oxidative stress in human proximal tubule cells 
by activation of toll-like receptor 4. Journal of cellular physiology, https://doi.org/10.1002/jcp.27929 (2018).

Acknowledgements
This study was supported by JSPS KAKENHI Grant-in-Aid for Scientific Research (C) (no. 16K08487).

Author Contributions
T.A. and M.A. designed the study, wrote the main manuscript text, analyzed the data, and prepared figures. 
H.O. and K.I. contributed to the conception, design of the study, and acquisition of the data. T.A., T.I. and S.I. 
supervised the study, interpreted the acquired data, and made critical revisions to the manuscript. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41536-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-41536-z
https://doi.org/10.1046/j.1523-1755.2002.00168.x
https://doi.org/10.1046/j.1523-1755.2002.00168.x
https://doi.org/10.1046/j.1523-1755.1998.00068.x
https://doi.org/10.3390/ijms141123045
https://doi.org/10.1152/ajprenal.00407.2005
https://doi.org/10.1016/j.freeradbiomed.2005.07.013
https://doi.org/10.1016/j.freeradbiomed.2005.07.013
https://doi.org/10.1681/asn.2009111130
https://doi.org/10.3109/10715760903321788
https://doi.org/10.1016/j.addr.2010.08.011
https://doi.org/10.2337/db08-0061
https://doi.org/10.12861/jrip.2015.07
https://doi.org/10.1016/j.bbrc.2015.02.096
https://doi.org/10.1186/1471-2261-14-148
https://doi.org/10.1056/NEJMoa1007994
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.1056/NEJMoa011303
https://doi.org/10.1007/s00395-011-0179-7
https://doi.org/10.1159/000350502
https://doi.org/10.1371/journal.pone.0115210
https://doi.org/10.1002/jcp.27929
https://doi.org/10.1038/s41598-019-41536-z


7Scientific Reports |          (2019) 9:5214  | https://doi.org/10.1038/s41598-019-41536-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41536-z
http://creativecommons.org/licenses/by/4.0/

	High glucose level and angiotensin II type 1 receptor stimulation synergistically amplify oxidative stress in renal mesangi ...
	Materials and Methods

	Reagents. 
	Mesangial cell cultures. 
	Real-time fluorescence imaging of cells. 
	Measurement of oxidative stress in mesangial cells. 
	Protocol 1 (evaluation of O.2− production in MCs under various conditions). 
	Protocol 2 (evaluation of acute response of H2O2 against Ang II stimulation in MCs). 

	Statistical analysis. 

	Results

	Synergistic effect of Ang II and glucose on superoxide anion production in MCs under chronic condition (Protocol 1). 
	Effect of Ang II on ROS production in MCs (Protocol 2). 
	Effect of glucose concentration on the production of Ang II-induced H2O2 (Protocol 2). 
	Effect of two types of angiotensin II receptors on oxidative stress. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Fluorescence intensity of ethidium derived due to the oxidation of DHE by intracellular superoxide (Protocol 1).
	Figure 2 Chronological changes in levels of intracellular ethidium under different pre-conditionings (Protocol 1).
	Figure 3 Chronological changes in levels of intracellular activated CM-H2DCFDA before and after angiotensin II stimulation (Protocol 2).
	Figure 4 Chronological changes in levels of intracellular activated CM-H2DCFDA in the presence of angiotensin II receptor antagonists (Protocol 2).




