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1 | INTRODUCTION

Abstract
Glyphosate-based herbicides have been used worldwide for decades and have been
suggested to induce nephrotoxicity, but the underlying mechanism is not yet clear.
In this study, we treated a human renal proximal tubule cell line (HK-2) with glypho-
sate for 24 hours at concentrations of O, 20, 40 and 60 uM. Glyphosate was found to
reduce cell viability and induce apoptosis and oxidative stress in a dose-dependent
manner. Because the chemical structures of glyphosate and those of its metabolite
AMPA are similar to glycine and glutamate, which are agonists of the N-methyl-D-
aspartate receptor (NMDAR), we investigated the potential role of the NMDAR
pathway in mediating the proapoptotic effect of glyphosate on proximal tubule cells.
We found that NMDAR1 expression, as well as intracellular Ca?* ([Ca?*];) and reactive
oxygen species (ROS) levels, increased after glyphosate treatment. Blocking NMDAR
24

attenuated glyphosate-induced upregulation of [Ca“"]; and ROS levels as well as apo-

ptosis. Meanwhile, inhibition of [Ca?*]; reduced glyphosate-induced ROS and apopto-
sis, and inhibition of ROS alleviated glyphosate-induced apoptosis. In mice exposed to
400 mg/kg glyphosate, the urine low molecular weight protein levels started to
increase from day 7. Upregulation of apoptosis and NMDAR1 expression in renal
proximal tubule epithelium and an imbalance of oxidant and antioxidative products
were observed. These results strongly suggest that activation of the NMDAR1
24

pathway, together with its downstream [Ca“’]; and oxidative stress, is involved in

glyphosate-induced renal proximal tubule epithelium apoptosis.
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for agricultural production is widespread in both industrialized
and developing countries (Duke, 2015; Myers et al, 2016). It has

Glyphosate [N-(phosphonomethyl) glycine] is a broad-spectrum herbicide
used worldwide (NAWQA, 2012; Swanson, Leu, Abrahamson, & Wallet,
2014). Since its introduction for weed control in the agricultural industry
in 1974 (Duke & Powles, 2008), particularly after the development of
glyphosate-resistant products such as glyphosate-resistant soybean,
canola and corn, the total acreage treated with glyphosate has

rapidly increased. Currently, the use of glyphosate-based herbicides

been reported that glyphosate-containing products are currently
manufactured by more than 90 producers in 20 countries (WHO, 2017).

Glyphosate is an herbicide whose mode of action is through the
specific inhibition of 5-enolpyruvylshikimate-3-phosphate synthase
in the shikimate aromatic amino acid biosynthesis pathway. Because
5-enolpyruvylshikimate-3-phosphate synthase is an enzyme present

only in plants and some bacteria but not in vertebrates, glyphosate
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was initially considered nontoxic (Williams, Watson, & DeSesso,
2012), with an estimated lethal dose (LDsp) higher than 5000 mg/kg
(EPA, US, 1993; Mensink & Janssen, 2018). However, given the
widespread use of glyphosate-based herbicides, residues of
glyphosate and its major metabolite AMPA have been found in surface
waters, soil (Huang, Pedersen, Fischer, White, & Young, 2004; Struger
et al., 2008) and some plants such as legume, cereal, rice, wheat seed,
canola seed and various types of animal fodder (Arregui et al., 2004;
Cessna et al.,, 1994; Cessna, Darwent, Townley-Smith, Harker, &
Kirkland, 2000; Cetin, Sahan, Ulgen, & Sahin, 2017; Cuhra, 2015;
FAO/WHO, 2007). Glyphosate is primarily absorbed through the skin,
intestine and respiratory tract, and has been detected in many human
urine samples, not only in those of farmers but also in those of the
general public (Acquavella et al., 2004; Arbuckle, Lin, & Mery, 2001;
Niemann, Sieke, Pfeil, & Solecki, 2015; Kriiger et al., 2014). Therefore,
the effects of glyphosate on human health have attracted extensive
attention.

Glyphosate-based herbicides may have neurotoxicity, cardiovascu-
lar toxicity, hepatotoxicity, reproductive and developmental toxicity,
and nephrotoxicity (Cattani et al., 2017; Gress, Lemoine, Seralini, &
Puddu, 2015; Milesi et al., 2018; Tang, Hu, Li, Win-Shwe, & Li,
2017; Wunnapuk et al., 2014); however, the underlying mechanisms
are not fully understood. There are some epidemiological studies sug-
gesting a potential relationship between glyphosate-based herbicides
(together with other factors) and chronic kidney disease of unknown
etiology (CKDu) (Jayasumana, Gunatilake, & Senanayake, 2014;
Jayasumana et al., 2015; Peraza et al., 2012). Several studies using
models of acute or subchronic exposure as well as long-term exposure
have indicated that the kidney may be one of the main targets of
glyphosate, and the renal proximal tubule may be a main target site
for glyphosate-based herbicides (Dedeke, Owagboriaye, Ademolu,
Olujimi, & Aladesida, 2018; Hamdaoui et al., 2016; Mesnage et al.,
2015; Tizhe et al., 2014; Wunnapuk et al., 2014). However, some
studies have suggested that the formulation of herbicides is more
toxic than glyphosate alone (Dedeke et al., 2018; Gasnier et al.,
2009). Therefore, whether glyphosate alone could impair renal
function and how glyphosate targets the renal proximal tubule should
be explored.

The toxic mechanism of glyphosate-based herbicides may include
altering cellular Ca%* homeostasis, which has been suggested by sev-
eral studies. For example, acute exposure to the glyphosate product
Roundup increases Ca?* influx in neural and testicular cells (Cattani
et al.,, 2014; De Liz et al., 2013). Altered Ca?* homeostasis can induce
oxidative stress through the upregulated generation of reactive
oxygen species (ROS) (Mili¢ et al., 2018). N-Methyl-D-aspartate recep-
tor (NMDAR), originally identified in the central nervous system, is a
heterotetrameric amino acid receptor that functions as a calcium-
dependent membrane channel (Davies, Evans, Francis, & Watkins,
1979; Mandir et al., 2000). NMDAR is also expressed in the subapical
proximal kidney tubule, and both glycine and glutamate molecules may
lead to channel opening and calcium influx (Gabbai, 2018). However,
the role of NMDAR in the effects of glyphosate on the kidney has

not been investigated.

In this study, we used a cell culture model and an animal exposure
model to investigate the influences of glyphosate on renal proximal
tubule cells and the potential role of NMDAR in response to

glyphosate exposure.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

[96%]),

monoisopropylamine salt solution (40% wt. in H,0), dimethyl sulfoxide,

Glyphosate  (N-(phosphonomethyl)  glycine glyphosate
hydrogen peroxide and pentobarbital sodium were purchased from
Millipore Sigma (St. Louis, MO, USA). RPMI 1640 medium, phosphate-
buffered saline (PBS), trypsin-EDTA and penicillin/streptomycin were
purchased from Corning (Manassas, VA, USA). Fetal bovine serum was
purchased from Gibco (Melbourne, Vic., Australia). An NMDAR inhibitor
(MK-801), intracellular calcium chelator (BAPTA-AM) and ROS scaven-
ger, N-acetylcysteine (NAC), were purchased from Selleck (Houston, TX,
USA). An Apoptosis Inducers Kit and ionomycin were obtained from
Beyotime (Shanghai, China), 3,3'-diaminobenzidine was purchased
from Dako Corp. (Carpinteria, CA, USA), and normal rabbit 1gG was

purchased from Abcam (Cambridge, MA, USA).

2.2 | Cell culture and treatment

The human renal proximal tubular epithelial cell line HK-2 was
obtained from the American Type Culture Collection (ATCC, Manas-
sas, VA, USA) and were used in this study. The cells were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin (Beyotime) in a humidified incubator with
5% CO, at 37°C. Glyphosate monoisopropylamine salt solution (40%
wt. in H,0O) was used to prepare a glyphosate stock solution
(200 mm), which was then was diluted in complete medium to the final
concentrations. For glyphosate treatment, HK-2 cells were treated
with different doses (0, 20, 40, 50, 60, 70, 80, 90 or 100 uMm) of glyph-
osate for 24 hours. For intervention experiments, HK-2 cells were
pretreated with MK-801 (100 um for 12 hours), BAPTA-AM (2 um
for 12 hours) or NAC (2 mM for 12 hours) followed by treatment with
40 uM glyphosate.

2.3 | Cytotoxicity assay

Cell viability and death were evaluated by Cell Counting Kit-8 (CCK-8)
and lactate dehydrogenase (LDH) cytotoxicity assay kit (Dojindo,
Shanghai, China) following the manufacturer's instructions. To deter-
mine cell viability, HK-2 cells were seeded into a 96-well plate
(1 x 10* cells/mL) and then treated with various concentrations of
glyphosate for 24 hours. Cell-free medium and cell treated with H,O
served as the blank and solvent controls, respectively. A mixture of
10 pL of CCK-8 solution and 90 pL of culture medium was added to
each well and then incubated at 37°C for 2 hours. The optical density

values at 450 nm were measured with a Synergy™ HT Microplate
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Reader (Bio Tek, Winooski, VT, USA). During the detection of glypho-
sate cytotoxicity, cell supernatants from each well were collected and
then incubated with the LDH assay solutions for 30 minutes at 25°C.
Cell-free medium and cells treated with H,O served as the blank and
solvent controls, respectively; cells treated with lysis buffer and lysis
buffer alone served as the positive and positive blank controls,
respectively. The optical density values at 490 nm were detected

using a Synergy™ HT Microplate Reader.

2.4 | Annexin V-fluorescein
isothiocyanate/propidium iodide apoptosis assay

Cell apoptosis was measured using an Annexin V-fluorescein isothio-
cyanate apoptosis detection kit (BD Biosciences; San Diego, CA,
USA). Glyphosate- or vehicle-treated HK-2 cells were harvested and
suspended in binding buffer. Annexin V-fluorescein isothiocyanate
(5 uL) was added to the cells, followed by the addition of propidium
iodide (PI; 5 uL). H,O served as the solvent control, and apoptosis
inducer A (Apopida) in the Apoptosis Inducer Kit served as the positive
control. Cells without Annexin V and Pl were used as negative con-
trols. Subsequently, the cells were labeled for 15 minutes at 37°C.
The fluorescence intensity of Annexin V and Pl was recorded using a
Becton-Dickinson FACSCalibur flow cytometer. Data from 10 000
events per sample were analyzed using FlowJo™ software

(BD Biosciences).

2.5 | Cellular reactive oxygen species measurement

Intracellular ROS 2'7'-

dichlorodihydrofluorescein diacetate (DCFH-DA; Millipore Sigma)

production was measured by
using flow cytometry. HK-2 cells were incubated with 100 n™m
DCFH-DA for 30 minutes at 37°C. Cells were then harvested and
resuspended in basal medium. H,O and hydrogen peroxide were used
as the solvent and positive controls, respectively. Cells without the
DCFH-DA probe were used as a negative control. The fluorescence
intensity of 3 x 10 cells per sample was acquired using a Becton-
Dickinson FACSCalibur flow cytometer at an excitation wavelength
of 488 nm and an emission wavelength of 530 nm. FACS data were
analyzed using FlowJo software (BD Biosciences).

2.6 | Detection of intracellular Ca%* levels

The intracellular Ca?* ([Ca®']) concentration was analyzed using a
Fluo-4/AM fluorescent probe (Invitrogen, Carlsbad, CA, USA). The
cells were incubated with 2 pM Fluo-4/AM in Hanks’' balanced salt
solution at 37°C for 30 minutes and then suspended in Hanks' bal-
anced salt solution and incubated at 37°C for an additional 20 minutes.
H,0 and ionomycin (5 uM) were used as the solvent and positive con-
trols, respectively. Cells without Fluo-4/AM probe were used as a
negative control. Cell analysis was performed on a BD FACSCalibur

flow cytometer (BD Biosciences) at an excitation wavelength of
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488 nm and an emission wavelength of 525 nm. The [Ca®*]; value is

represented by the mean fluorescent intensity.

2.7 | Western blotting

Untreated and treated cells were washed three times with ice-cold
PBS and then lysed by RIPA lysis buffer (Beyotime) containing 1%
protease inhibitors (Millipore Sigma). The cell lysate was centrifuged
and the supernatant was collected. The total cellular protein concen-
tration was determined using a BCA assay kit (Beyotime). Equal
amounts of total proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis through a 12% gel and then trans-
ferred to polyvinylidene difluoride membranes. The membranes were
blocked with 5% nonfat milk in PBS + Tween 20 (80 mM Na;HPOy,,
20 mM NaH,PO,4, 100 mm NaCl and 0.1% Tween 20; pH 7.5) at room
temperature for 2 hours. Subsequently, the membranes were washed
with PBS + Tween 20 and incubated with primary antibodies (1:1000)
against human NMDAR1, Bcl-2, Bax, Bcl-xl, Bad, cleaved caspase-3 or
B-tubulin overnight at 4°C. The membranes were then incubated with
antirabbit horseradish peroxidase-conjugated IgG antibodies (1:2000)
for 2 hours at room temperature. The protein bands were visualized
using an ECL detection kit (Pierce Chemical, Dallas, TX, USA). B-
Tubulin served as an internal loading control.

2.8 | Animals and treatment

Animal experiments were approved by the Fudan University Animal
Care and Use Committee in accordance with the Guide for the Care
and Use of Laboratory Animals issued by the Ministry of Health of
the People's Republic of China. The use of animals in the present
study also met the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals (NIH Publication No. 85-23,
1985, updated in 2011; https://grants.nih.gov/grants/olaw/Guide-
for-the-Care-and-use-of-laboratory-animals.pdf). Adult male ICR mice
(aged 8 weeks) were obtained from the Shanghai Jiesijie Laboratory
Animal Company (Shanghai, China) with license number SCXK
(Hu)2013-0006. The mice were provided food and water ad libitum
and maintained in a controlled environment at a temperature of
24 + 1°C, humidity of 45% + 5% and 12-hour light/dark cycle. The ani-
mals were randomly assigned to the control group or glyphosate expo-
sure group (six mice per group). The mice in the glyphosate exposure
group were 400 mg/kg body weight/day glyphosate via oral gavage
for a period of 28 days, while those in the control group were admin-
istered distilled water. For administration, glyphosate was diluted in an
aqueous suspension and given to the mice once per day in a volume of
0.1 mL/10 g of body weight. Body weight and food intake were
measured daily. Urine was collected once a week via metabolic cages.
At the end of the exposure period, mice were anesthetized by an
intraperitoneal injection of pentobarbital sodium, after which blood
was collected from the orbital venous plexus to prepare serum. Then,
the animals were killed by cervical dislocation, and the kidney tissue
was dissected and washed with saline solution. The kidney samples

were fixed by immersion in a 4% paraformaldehyde solution (4%
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paraformaldehyde in 0.01 M phosphate buffer, pH 7.4) for 24 hours at
4°C for histology, immunohistochemistry and TUNEL examinations.
The remaining samples were snap-frozen in liquid nitrogen and

maintained at -80°C for subsequent laboratory analysis.

2.9 | Urine biomarker measurement

Urine and serum were frozen and stored at -80°C immediately after
collection and centrifugation. Urine creatinine, uric acid, urea and
serum creatinine levels were determined using the respective assay
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing City, China).
Urine B,-microglobulin and albumin levels were measured using
enzyme-linked immunosorbent assay kits (Abcam, Cambridge,
MA, USA).

2.10 | Superoxide dismutase, catalase, glutathione
peroxidase and malondialdehyde measurements

At the end of glyphosate treatment, the culture supernatants of
treated and untreated HK-2 cells (in vitro experiment) or renal tissue
(in vivo experiment) were freshly collected on ice for measurements
of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-Px) and malondialdehyde (MDA) activities using the correspond-
ing assay kits (Beyotime). SOD activities were examined with the xan-
thine oxidase method; CAT activities were tested with the colorimetric
method; GSH-Px activities were examined using the ultraviolet
spectrophotometric method; and MDA levels were examined with
the thiobarbituric acid method. The experiments were performed by

following the manufacturer's instructions.

2.11 | Hematoxylin and eosin staining

The kidneys fixed for histological examination were dehydrated and
embedded in paraffin. Sections for histology (5 um) were sliced,
mounted on poly-L-lysine-coated slides, deparaffinized with xylene,
and stained with hematoxylin and eosin. A trained pathologist blinded
to the treatments evaluated the tissue slides using an optical

microscope (Olympus, Tokyo, Japan).

2.12 | Immunohistochemistry

The kidney samples fixed for immunohistochemical examination were
dehydrated and embedded with paraffin, and 5-um thick slices were
cut from the embedded blocks. Then, those slides were deparaffinized
and incubated with rabbit monoclonal anti-NMDAR1 primary
antibodies (1:10) at 4°C overnight, washed in PBS and incubated with
goat antirabbit IgG-horseradish peroxidase secondary antibodies
(1:200) for 50 minutes at room temperature. Next, 50 mL of 3,3'-
diaminobenzidine (1:50) was added to each kidney section, which
was stained for 5 minutes. After the slides were washed, they were
counterstained with hematoxylin for 3 minutes. The slides were then

mounted and observed under a microscope. NR1 expression was

quantified using Image-Pro Plus 6.0 software (Media Cybernetics
Inc., Silver Spring, MD, USA). We used two negative controls: PBS
treatment in place of primary antibody and an isotype-matched non-
specific antibody (normal rabbit IgG). Brain tissues from mice were

used as a positive control.

2.13 | TUNEL assay

Apoptotic cells were detected with a TUNEL assay kit according to the
manufacturer's instructions. 4'-6-Diamidino-2-phenylindole was used
as for counterstaining. The kidney samples fixed for TUNEL examina-
tion were dehydrated and embedded with paraffin. Five-micron sec-
tions were cut from the embedded blocks. Then, the sections were
deparaffinized, rehydrated and treated with Protease K, after which
they were incubated with the TUNEL reaction mixture in a humidified
chamber at 37°C for 2 hours. The sections were washed with PBS
(pH 7.4) to terminate the reaction and then treated with 4'-6-
diamidino-2-phenylindole. Sections treated with DNase before TUNEL
examination served as a positive control, and sections without terminal
deoxynucleotidyl transferase were used as a negative control. From
each section, five randomly selected fields (200x magnification) were
photographed with a fluorescence microscope (Eclipse CI-S; Nikon
Corporation, Tokyo, Japan). The number of TUNEL-positive cells in
each field was counted using Image-Pro Plus 6.0 software (Media
Cybernetics Inc.) and divided by the field area. The average apoptotic

cell density of the five fields was then obtained for each group.

2.14 | Data analysis

Unless specified otherwise, data are presented as the means + SEM.
The Shapiro-Wilk method was used to test the normality of the vari-
ables. One-way ANOVA followed by the multiple range least signifi-
cant difference test was used to assess differences among different
groups. We used the Mann-Whitney U-test to perform the nonpara-
metric test. All statistical analyses were performed with SPSS 19.0
for Windows (IBM Corp., Armonk, NY, USA). P < 0.05 was considered
statistically significant. GraphPad Prism (v.4.0; GraphPad Software
Inc., San Diego, CA, USA) was used to prepare all the figures.

3 | RESULTS

3.1 | Glyphosate induces cytotoxicity and apoptosis
in HK-2 cells

HK-2 cells were exposed to glyphosate for 24 hours at concentrations
of 0, 20, 40, 50, 60, 70, 80, 90 or 100 uM. We quantified the number
of viable cells using the CCK-8 assay. The results showed that the
number of viable cells was significantly reduced in the glyphosate-
exposed group at concentrations >40 uM (Figure 1A). Meanwhile,
the results from the LDH release assay also demonstrated that glyph-
osate treatment increased LDH release and induced toxicity effects at
high concentrations (40-100 um) (Figure 1B). In addition, we
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prolonged the exposure times and found that the cytotoxic effect of
glyphosate on HK-2 cells was dose- and time-dependent. The cell via-
bilities of both the 40 and 60 uM groups were reduced but still greater
than 50% after 24 hours (Figure 1C). Therefore, we conducted subse-
quent experiments with four doses (0, 20, 40 and 60 um) and 24-hour
exposure periods.

Apoptosis rates were examined after cells were exposed to glyph-
osate (0, 20, 40 and 60 uMm) for 24 hours (Figure 1D). The results
revealed that, in comparison with the control group, the glyphosate
exposure groups showed increased percentages of apoptotic cells
(Annexin V+, PI+/-), with significant differences occurring at concen-
trations greater than 40 uM. Furthermore, we investigated the
expression of apoptosis-related proteins using Western blotting. As
shown in Figure 1E, in comparison to the control group, the 20 and
40 uM glyphosate groups exhibited upregulated proapoptotic
proteins (Bax and Bad) while the 40 and 60 uM groups exhibited
downregulated antiapoptotic proteins (Bcl-2 and Bcl-xl). Meanwhile,
the cleaved caspase-3 levels were significantly upregulated at both
40 and 60 pMm.

3.2 | Glyphosate induces oxidative stress and
increases NMDAR1 expression and calcium influx in
HK-2 cells

In comparison with the control group, the 40 and 60 uM groups
showed significantly increased cellular ROS levels (Figure 2A).
Moreover, the glyphosate exposure groups showed significant
reductions in SOD, CAT and GSH-Px levels and a significant increase
in the MDA level (Figure 2B).

Western blotting was used to detect expression changes in
NMDAR1 after glyphosate exposure. As shown in Figure 2C, glypho-
sate exposure increased NMDAR1 expression in a dose-dependent
manner. Because NMDAR is involved in calcium influx and calcium
homeostasis, we further determined the [Ca?"]; levels after glyphosate
exposure using flow cytometry-based measurement with the Ca?*-
sensitive probe Fluo-4/AM. It was found that glyphosate exposure

increased [Ca?*); levels (Figure 2D).

3.3 | Effects after pretreatment with MK-801

To examine the role of NMDAR in glyphosate-induced calcium influx
and apoptosis, we pretreated HK-2 cells with the NMDAR inhibitor
MK-801 (100 uM for 12 hours) followed by treatment with 40 um
glyphosate for 24 hours. MK-801 attenuated the upregulation of
[Ca%*]; in the HK-2 cells after 24 hours of glyphosate treatment
(Figure 3A). Meanwhile, inhibition of NMDAR attenuated the ROS
increase in these cells (Figure 3B) and significantly decreased

glyphosate-induced apoptosis (Figure 3C).

3.4 | Effects after pretreatment with BAPTA-AM
and N-acetylcysteine

To examine the relationship between glyphosate-induced calcium
influx and apoptosis, we pretreated with 2 um BAPTA-AM (an intra-
cellular calcium chelator) for 12 hours to decrease [Ca?*];. Cells treated
with BAPTA-AM and 40 uM glyphosate had lower [Ca?*]; levels than
(Figure 4A). BAPTA-AM

cell exposed to glyphosate alone
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for 12 hours before glyphosate treatment. NAC pretreatment reduced

pretreatment also significantly alleviated glyphosate-induced apopto-
the ROS levels elevated by glyphosate (Figure 4D). Moreover,

sis and ROS (Figure 4B and 4C).
To determine the role of ROS in glyphosate-induced apoptosis of glyphosate-induced apoptosis of HK-2 cells was also alleviated by

HK-2 cells, we pretreated cells with 2 mmM NAC (a ROS scavenger) NAC (Figure 4E).
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3.5 | NMDAR1 expression and kidney damage
caused by glyphosate

To investigate the effect of glyphosate on the kidney in vivo, we
administered glyphosate solution to ICR mice for 28 days at a daily
dose of 400 mg/kg. There was no significant difference between the
control and glyphosate exposure groups in terms of body weight gain
and organ coefficients of liver and kidney (Figure 5A and 5B). How-
ever, histological examination identified exfoliation of renal tubular
cells (arrowhead) in the kidney (Figure 5C). The TUNEL assay also con-
firmed the increase in renal tubular cell apoptosis in glyphosate-
treated mice (Figure 5D).

No significant changes in urine creatinine, uric acid, urea nitrogen,
serum creatinine and blood urea nitrogen levels were observed (results
not shown). However, an increase in urine albumin level was observed
on days 7 and 14, but this increase disappeared later on. Urine 5-
microglobulin levels were increased on days 7, 21 and 28 (Table 1).

In addition, in comparison with the control group, the glyphosate-
treated group showed significant reductions in the levels of SOD, CAT
and GSH-Px, and a significant increase in MDA level in the kidney
(P < 0.05) (Figure 5E). We also found that the average optical density
for NMDAR1 was increased in kidneys from the glyphosate-treated
group (P < 0.05) (Figure 5F).

4 | DISCUSSION

Several studies have linked kidney damage to exposure to glyphosate-
based herbicides, but the underlying mechanism remains unclear. In
this study, using a cell culture model, we found that glyphosate could
directly affect the human renal proximal tubular epithelial cell line HK-
2 through the NMDAR1/calcium influx/oxidative stress pathway.
Moreover, we confirmed that glyphosate exposure in an animal model
could induce NMDAR1, increase oxidative stress and damage renal
proximal tubular epithelial cells.

Although glyphosate has low oral acute mammalian toxicity, a con-
siderable number of animal and epidemiological studies have demon-
strated the toxicity of commercial glyphosate products (Cattani et al.,
2017; Gress et al, 2015; Milesi et al, 2018; Tang et al., 2017,
2014). The kidney may be the main target of
glyphosate-based herbicides. Some epidemiological studies have sug-

Wunnapuk et al.,

gested a potential relationship between glyphosate-based herbicides
(together with other factors) and CKDu in some farm workers in Sri
Lanka and sugarcane workers in Central America (Jayasumana et al.,
2014, 2015; Peraza et al., 2012). Metabolic studies suggested that
the concentration of glyphosate and its metabolic products in kidney
and liver tissues were 10-100-fold (or even greater) higher than that
in most other tissues (BfR, 2015). Acute administration of a commercial
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dismutase

product of glyphosate at high doses or subchronic oral exposure for
8 weeks caused renal toxicity in rats (Tizhe et al., 2014). A long-term
and low-dose administration regimen (for approximately 2 years)
induced gene expression changes in liver and kidney, and the affected
genes were related to inflammatory responses and oxidative stress
(Mesnage et al., 2015). The renal proximal tubule may be a main target.
In an acute exposure model (Wunnapuk et al., 2014), necrotic and apo-
ptotic cells were shown to be primarily located in the tubular epithe-
lium of the proximal straight tubule at 48 hours after exposure.

Tubular necrosis was also shown in 12-week and 60-day exposure

models (Dedeke et al., 2018; Hamdaoui et al., 2016). However,
glyphosate-based herbicides such as Roundup contain a mixture of
15% polyoxyethylene amine with other unspecified surfactants (Howe
et al., 2004); as such, its formulation was reported to be more toxic
than glyphosate alone (Dedeke et al., 2018; Gasnier et al., 2009).
Therefore, whether glyphosate has renal toxicity remains a question.
Currently, commercial formulations containing glyphosate as the active
ingredient are heavily used worldwide; thus, determining the renal tox-
icity of glyphosate can lay the foundation for assessing the risk of many

glyphosate-based herbicides aside from their formulations.
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TABLE 1 Results of urine biomarkers in two groups ("X + S)*
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Days
0 7
B-MG Control 0.076 + 0.020 0.068 + 0.053
Glyphosate 0.076 + 0.021 0.142 + 0.041
t 0.003 -2.503
P 0.998 0.0368
ALB Control 0.104 + 0.034 0.085 + 0.010
Glyphosate 0.105 + 0.074 0.174 + 0.076
t -0.016 -2.284
P 0.988 0.0518

ALB, albumin (mg/L); B2-MG, B2-macroglobulin (mg/L).

14 21 28

0.091 + 0.019 0.077 £ 0.027 0.066 £ 0.079
0.152 + 0.091 0.143 £ 0.049 0.235 + 0.206
-1.32 -2.66 -3.324

0.235 0.026 0.021

0.107 + 0.027 0.108 + 0.020 0.118 + 0.050
0.188 + 0.039 0.130 + 0.022 0.089 * 0.029
-3.916 -1.676 1.196

0.004 0.128 0.262

?Data are presented as the means + SEM. t- and P-values were calculated using the Mann-Whitney U-test by comparing variables between the control

group and glyphosate group.

In the current in vitro study, we used the human renal proximal
tubular epithelial cell line HK-2 as the experimental model. This cell
line (Ryan et al., 1994) is widely used to study human renal proximal
tubule epithelial cell biology and pathology (Maggiorani et al., 2015).
We found that glyphosate does induce cytotoxicity, although its acute
toxicity might be low (because it was only observed at concentrations
>40 pM). In our previous study, we observed cytotoxicity in HK-2
cells induced by cadmium exposure at a concentration of 20 um (Ge
et al., 2018). Furthermore, our in vivo experiment also indicated injury
to renal tubular cells. In our mice model, we administered glyphosate
daily at 400 mg/kg for 28 days. This dosage was determined according
to the following data: the FAO/WHO estimate that the acceptable
daily intake for humans of the sum of glyphosate, N-acetyl-glyphosate,
AMPA and N-acetyl-AMPA is up to 1 mg/kg (FAO-WHO, 2016). We
considered the safety factors as 10 x 10 x 4, in which the first factor
of 10 represents species differences from animal extrapolation to
humans, the second factor of 10 represents intraspecific species vari-
ation, and the factor of 4 represents the sensitivity for children
because glyphosate has been reported to have developmental toxicity
(Cattani et al., 2017). Based on the above assumption, if kidney dam-
age is not observed when mice are dosed at 400 mg/kg, then glypho-
sate should be considered safe. Glyphosate tissue retention time is
relatively short, but elimination of glyphosate from bone could be
slower due to reversible binding of the phosphonic acid moiety to cal-
cium ions in the bone matrix (such as residual glyphosate in soil)
(Sprankle, Meggitt, & Penner, 1975; Williams, Kroes, & Munro,
2000); thus, bone might be a storage site during subacute or chronic
glyphosate exposure. Therefore, any glyphosate that reaches the
kidney directly after exposure might be metabolized quickly, but the
kidney could be exposed to glyphosate continuously released from
bone to induce chronic injury. Our in vivo experiment also confirmed
pathological chronic injury with loss of tubular cells due to increased
apoptosis. In addition, it has been reported that urinary glyphosate
concentrations of occupationally exposed farmers without protective
equipment were much higher than those of the farmers who only
encountered environmental exposure; the highest urine concentra-
tions of glyphosate in the occupationally exposed farmers may be

150 times higher than the average concentration in farmers

(Acquavella et al., 2004; Arbuckle et al., 2001). Therefore, we estimate
that the exposure level in the unprotected working population might
be higher than expected.

To confirm the renal effects of glyphosate, reasonable mechanisms
underlying such effects should be elucidated. Induction of oxidative
stress seems to be the main mechanism for glyphosate-based herbi-
cides (Hamdaoui et al., 2016; Milesi et al., 2018). In our cell culture
experiment, glyphosate exposure increased the production of ROS.
In both the in vitro and in vivo experiments, the MDA activity
increased, but the activities of the major endogenous antioxidant
enzymes SOD, CAT and GSH-Px decreased in the exposure groups
compared to the control group. The SOD converts superoxide anions
into H,O,, via a dismutation reaction, CAT metabolizes H,O, to water
and oxygen, and GSH-Px reduces H,O, and other organic hydroper-
oxides (Andreoli, 1991). The increase in ROS and MDA and the
decrease in CAT, SOD and GSH-Px indicated a disturbance in the
pro-oxidant/antioxidant balance. To explore how glyphosate induced
these imbalances, we focused on the role of NMDAR because the
structure of glyphosate is similar to that of glycine and glutamate
(which are agonists of NMDAR1) (Cattani et al., 2017). Therefore,
NMDAR might be a potential candidate for glyphosate targets.
NMDAR was originally identified in the central nervous system, but
it has also been expressed outside of the central nervous system,
including the kidney (Gabbai, 2018). Because NMDAR is a ligand of
glutamate, which is an excitatory neurotransmitter that plays an inte-
gral role in synaptic plasticity (Willard & Koochekpour, 2013), a large
number of studies have been conducted to investigate the roles of
NMDAR in physiological and pathological processes within the ner-
vous system. In the kidney, the functions of NMDAR are related to
renal blood flow, filtration and reabsorption in the proximal tubule
(Deng & Thomson, 2009). NMDAR has various subunits, among which
the NMDAR1 subunit is essential for channel activity (Ishii et al., 1993)
and can be detected in renal tubular epithelial cells (Leung et al., 2002).
Because NMDAR has been reported to transduce the binding of gluta-
mate and glycine by coupling with the opening of a calcium-permeable
ion channel (Mandir et al., 2000), the activation of NMDAR may

2+]i

increase [Ca®*]; levels and induce Ca?* uptake into the mitochondria.

The increase in [Ca?*]; may promote ATP synthesis and increase the
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metabolic rate, which would consume more oxygen and increase ROS
generation (Brookes, Yoon, Robotham, Anders, & Sheu, 2004), ulti-
mately leading to apoptosis (Gorlach, Bertram, Hudecova, &
Krizanova, 2015). NMDAR has been reported to mediate some renal
diseases, such as hyperhomocysteinemia-induced glomerulosclerosis
(Zhang & Shim, 2010), gentamicin nephrotoxicity (Leung et al., 2002)
and lipopolysaccharide-induced renal insufficiency (Lin, Hung, Huang,
& Ma, 2015). Those studies found that antagonists of NMDAR play
a protective role. However, whether NMDAR expressed in renal tubu-
lar epithelium responds to glyphosate exposure remains unclear. In
this study, using the human renal tubular epithelial cell line HK-2, we
demonstrated increased expression of NMDAR1 protein upon glypho-
sate exposure. In the animal tests, we observed a clear upregulation of
NMDAR1 in renal tissue, particularly in tubular epithelial cells by
immunohistochemical staining. Accompanied by the increase in
NMDAR1 upon glyphosate exposure, [CaZ'];, oxidative stress markers
and apoptosis were all increased. Blocking NMDAR not only amelio-
rated glyphosate-induced increases in [Ca?*]; and ROS levels but also
attenuated apoptosis. Therefore, our results indicated that the
increase in ROS levels and apoptosis induced by glyphosate was a
result of NMDAR1 activation in renal tubular epithelial cells.

In the animal study, we monitored several parameters of protein-
uria weekly. Although we did not find any differences in the urinary
levels of creatinine, urea nitrogen or uric acid between the control
and exposure groups, the levels of urea B,-microglobulin increased
after 7 days of glyphosate exposure, while urea albumin increased
after 7 and 14 days of exposure but returned to normal levels after
21 and 28 days of exposure. B,-Microglobulin is a small protein that
is abundant in blood, filtered by the glomerulus and nearly completely
reabsorbed by tubules. The increase in B>-microglobulin in the urine
indicated an impairment of tubular reabsorption (Dieterle et al.,
2010). Albumin is not freely filtered by glomerulus. An increase in uri-
nary albumin has been used as a marker of glomerular disease and may
indicate impaired reabsorption by proximal tubules (Yu et al., 2010).
The present results indicated that impaired renal function might occur
at the early stage of glyphosate exposure. We speculated that the
reversal of urea albumin levels at days 21 and 28 of exposure might
be compensatory changes in renal function. However, pathological
changes in renal tubular tissue still existed at day 28. These results
suggest difficulty in the early diagnosis of kidney injury because of this
compensatory response.

In conclusion, we demonstrated that glyphosate, the active ingredi-
ent of glyphosate-based herbicides, could injure renal tubule epithelial
cells via the NMDAR1/[Ca?*],/ROS pathway both in vitro and in vivo.
These findings provide a theoretical basis and reference data to assess
the risk of glyphosate and to explore the etiology of CKDu.
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