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Abstract
Background: Renal �brosis (RF) results in renal function impairment and eventually kidney failure. We
found that N-methyl-D-aspartate receptor (NMDAR) played an important role during RF. However, its
mechanism of action is yet to be deciphered.

Methods: Acute RF was induced in mice by unilateral ureteral obstruction (UUO). NR1, which is the
functional subunit of NMDAR, was downregulated using lentiviral vector-mediated shRNA interference.
Histological changes were observed by Masson’s trichrome staining. Expression of NR1, �brotic and EMT
markers were measured by immunohistochemistry and western blot analysis. HK-2 cells were incubated
with TGF-β, and NMDAR antagonist MK-801 and Ca2+/calmodulin-dependent protein kinase II (CaMKII)
antagonist KN-93 administration were further included in this study for pathway determination.
Expression of NR1, total and phosphorylated CaMKII, total and phosphorylated ERK were measured using
western blot and immuno�uorescent assays. Chronic renal �brosis was introduced by sublethal
ischemia-reperfusion injury in mice, and oral NMDAR inhibitor dextromethorphan (DXM) administration
was performed. 

Results: NR1 expressions were upregulated in both obstructed kidneys and TGF-β treated HK-2 cells. NR1
knockdown, MK801 and KN93 reduced the �brotic morphology in vivo and in vitro respectively, and
companied with the downregulated ERK activation, while KN93 administration had no effect on NR1 and
CaMKII levels. Mice in the DXM group had better preservation of kidney structures and corticomedullary
volumes.

Conclusions: NMDAR participates in both acute and chronic renal �brogenesis via CaMKII/ERK
activation, and is a potential therapeutic target for renal �brosis.

Background
Acute kidney injury (AKI) affects approximately 20% of hospitalized patients [1]. A proportion of AKI
patients will undergo maladaptive repair of their kidneys. This contributes to the ongoing �brotic
processes which progresses over time to chronic nephropathy. Chronic kidney diseases (CKD) has a
prevalence of 10.8% in China [2] and 14.0% in the USA [3]. Renal �brosis (RF) is a common �nal outcome
of progressive AKI nephropathy and for nearly all types of CKD [4,5]. Clinical studies have demonstrated
that renal function correlates more closely with �brosis compared to glomerular damage [6], and is a
major exacerbating factor for renal dysfunction [7]. After kidney damage, the �brotic process is initiated
with impaired kidney repair, sustained in�ammation, activation of myo�broblasts and accumulation of
extracellular matrix (ECM) [5,8]. Alpha-SMA (α-SMA) is often used as a marker of myo�broblast formation
[9]. type I collagen (COL1A1) and �bronectin indicate enhanced deposition of ECM during �brogenesis
[10,11]. S100 calcium-binding protein A4 (S100A4), also called �broblast-speci�c protein 1, is considered
a speci�c marker of �broblasts in tissue remodeling [12]. The transition of tubular epithelial cells into
cells with mesenchymal features, also known as epithelial-to-mesenchymal transition (EMT), is observed



Page 3/17

during �brosis [13]. Increased expression of transcription factors that are associated with EMT correlates
with disease progression [14, 15]. Snail is a prominent inducer of EMT and E-cadherin loss is one of the
hallmarks of EMT [16]. The pathological changes that occur during renal �brosis eventually leads to renal
failure [17]. Hence, therapeutically targeting RF may be a promising strategy to treat kidney diseases. At
present, no effective treatment strategies are currently available.

N-methyl-D-aspartate receptor (NMDAR) is an ionotropic glutamate receptor. It has been well-studied in
the central nervous system (CNS), and has a vital role in development, learning and memory. In addition,
it can induce Ca2+ overload during multiple pathological conditions [18,19]. Functional NMDAR is a
tetrameric complex consisting of two NR1 subunits and two NR2 and/or NR3 subunits. The subunits are
encoded by seven genes: one for NR1, four for NR2 (A-D), and two For NR3 (A-B) [20]. All subunits have a
conserved domain organization including an extracellular amino-terminal domain, an extracellular ligand
binding domain, a transmembrane domain and an intracellular carboxy-terminal domain [20,21]. The
obligatory NR1 subunit binds glycine and d-serine and had been demonstrated by several studies widely
expressed in the kidneys, bone, heart and other tissues, in addition to the CNS. Hence, the functional role
of NMDAR outside of the CNS has garnered research interest [21]. Growing evidence suggests that
NMDAR plays an important role in numerous processes such as proliferation, apoptosis, cell adhesion
and migration, actin rearrangement, cell growth and differentiation, and regulation of hormone secretion.
In the kidney, NMDAR expression has been detected in the glomeruli and tubules [22,23]. NMDAR
expression is induced by various kidney pathological processes, including acute ischemia-reperfusion
injury (IRI) [24,25] and diabetic nephropathy [26-28]. Whether NMDAR expression is associated with RF is
yet to be deciphered [29].

We found that NR1 expression was higher in kidney �brotic biopsy samples compared to kidneys from
healthy donors (unpublished data). Hence, we designed this study to understand the mechanistic role of
NMDAR in acute �brogenesis using in vivo models of ureter obstruction and in vitro TGF-β
administration. Furthermore, to understand the role of NMDAR in vivo, we administered mice with
dextromethorphan (DXM), which is widely used in the clinic as an NMDAR inhibitor. We then observed the
effect of DXM on chronic �brosis after IRI.

Methods
Animals

Eight-week-old C57BL/6 mice (20-25 grams, half male) were purchased from the Experimental Animal
Center in Zhejiang Medical Academy of Sciences and housed in a temperature-controlled room with 12-
hour day/night cycles. The mice had free access to standard food and water throughout the study. All
animal studies were done in compliance with the regulations and guidelines of Zhejiang University
institutional animal care and conducted according to the AAALAC and the IACUC guidelines (Permit
Number: 2016-205, date of approval: 26 Feb 2016). Animals were euthanized with overdose anesthesia
(500 mg/kg sodium pentobarbital) and CO2 incubation after experimentation.
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Retrograde Ureteral Lentivirus Delivery and Unilateral Ureteral Obstruction (UUO)

Mice were anesthetized using 50 mg/kg sodium pentobarbital by intraperitoneal injection. Mice were then
infused with lentivirus 7 days prior to UUO as previously described. Brie�y, mice were anesthetized, and a
midline abdominal incision was performed on the left kidney and the terminal ureters were obstructed.
Then, 5 × 107 IU/100 μl �lter-puri�ed scrambled-shRNA (Scr-sh group, n=6) or NR1-shRNA (NR1-sh Group,
n=6) lentivirus cocktail (forward: 5’-
CACCGGTACCCATGTCATCCCAAATCGAAATTTGGGATGACATGGGTACC-3’ and reverse: 5’-
AAAAGGTACCCATGTCATCCCAAATTTCGATTTGGGATGACATGGGTACC-3’) purchased from NovoBio
Biotechnology Co., Shanghai, China [22] was infused through the ureters for 5 min via an intrathecal
catheter attached to a micro-syringe (Hamilton, Franklin, Massachusetts) pump (WPI). After 7 days, mice
were re-anesthetized and a midline abdominal incision was performed on the left kidney. The left ureters
were double ligated with 4-0 silk surgical sutures [30].

Human proximal tubule (HK-2) cell culture and drug treatment

HK-2 cells (American Type Culture Collection, Manassas, Virginia) were grown in keratinocyte medium
(Thermo�sher, Waltham, Massachusetts) with 10% FBS in a 5% CO2 humidi�ed incubator at 37°C. Cells
were then treated with recombinant human TGF-β (100 ng/ml, R&D System, Minneapolis, Minnesota) for
48 h with a combination of NMDA (50 μM, Tocris, Minneapolis, Minnesota), MK-801 (10 μM, Tocris), or
KN-93 (10 μM, Tocris).

Ischemia/reperfusion (IR) mouse model and DXM Administration

Mice were anesthetized and then a midline abdominal incision was performed on the right kidney. The
right renal artery was isolated from the renal vein carefully and then clapped for 60 min. Mice were then
divided randomly into the IR group (n=6), low-dose DXM group (Yiling, Hebei Province, LD group, 1 mg/ml
in drinking water, n=6), moderate-dose DXM group (MD group, 2 mg/ml in drinking water, n=6), and high-
dose DXM group (HD group, 3 mg/ml in drinking water, n=6). Mice were then euthanized 28 days post-IR.

Masson's Trichrome Staining, Immunohistochemistry and Immuno�uorescent assays

Seven days post-UUO, mice were anesthetized, and the obstructed kidneys were harvested. Para�n
sections were stained with Masson's trichrome or labeled with antibodies against TGF-β1 (Cell Signaling
Technology, Danvers, Massachusetts), alpha-smooth muscle actin (Abcam, Cambridge, Massachusetts),
COL1A1 (Abcam), S100A4 (Abcam) or Fibronectin (Abcam). Frozen sections and �xed cells were labeled
with antibodies against NR1 (ThermoFisher), p- or total CaMKII (Abcam), p- or total extracellular signal-
regulated kinase (ERK, Abcam), Snail (Abcam) or E-cadherin (Abcam) and then incubated with the
relevant secondary antibodies for immunohistochemistry or immuno�uorescence (Abcam). Nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI, ThermoFisher) for immuno�uorescent assays.

Western blotting Analysis
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Kidneys and cells were homogenized in RIPA lysis buffer with protease and phosphatase inhibitor
cocktail (Cell Signaling Technology). Total protein was then separated by SDS-PAGE and blotted with
antibodies against α-SMA, COL1A1, S100A4, Fibronectin, NR1, p- or total CaMKII, p- or total ERK. The
membranes were scanned and analyzed using the Gel Doc XR imaging system (Bio-Rad Laboratories,
Hercules, California).

Statistical analysis

Data values were presented as mean ± SD. Area of �brosis and positive staining in tissue sections was
measured with Image J software and was shown as percentages. Standard ANOVA with Bonferroni test
was performed using GraphPad Prism 6.0. Two-tailed Student’s t test was used for other data types.
Differences were considered statistically signi�cant at P <0.05.

Results
NR1 expression was upregulated by ureteral obstruction

            NR1 expression was signi�cantly upregulated in obstructed kidneys as determined by western
blotting (Figure 1A). The higher interstitial volumes and corticomedullary atrophies were also found in the
obstructed kidneys determined by Masson’s trichrome staining (Figure 1B).

NR1 knockdown partially suppressed the �brotic process and markers in obstructed kidneys

Retrograde ureteral delivery of NR1-shRNA (NR1-sh) reduced NR1 expression levels in kidneys with or
without obstruction injury (*P < 0.01 versus Control group). NR1 knockdown reduced interstitial volumes
and the corticomedullary atrophy compared with UUO and Scr-sh groups (Figure 1B).

The overexpression of these �brotic markers induced by UUO were not totally reversed by NR1
knockdown. Kidneys infused with NR1-shRNA had a signi�cant reduction in α-SMA, S100A4, �bronectin
and COL1A1 expression levels compared with the kidneys in UUO and Scr-sh groups, while S100A4 and
COL1A1 expression levels were slightly higher in the Scr-sh group but had no statistical signi�cance (*P >
0.05 versus Control group, Figure 2).

NR1 knockdown partially inhibited EMT marker expression changes after UUO injury

Snail and E-cadherin had opposite expression trends after UUO injury (Figure 3). Snail expression levels
increased sharply in obstructed kidneys, while E-cadherin expression levels were reduced. Snail
overexpression and E-cadherin down-regulation were both partly inhibited by NR1 knockdown. Snail
expression levels in the NR1-sh group were still higher compared to normal kidneys, while E-cadherin
expression levels were lower.

NMDAR activation induced phosphorylation of CaMKII and ERK in TGF-β treated HK-2 cells
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TGF-β treated HK-2 cells were used as an in vitro �brosis model. In untreated cells, NR1 was expressed at
low levels in the cytoplasm and less on the membrane (Figure 4A). TGF-β treatment increased NR1
signals which localized both in the cytoplasm and on the membrane, and were correlated with higher
CaMKII and ERK phosphorylation (Figure 4). Both NMDAR antagonist MK801 and CaMKII antagonist
KN93 reduced CaMKII and ERK phosphorylation levels respectively in the presence of TGF-β, without NR1
signal changes.

NR1 knockdown inhibited CaMKII/ERK activation in UUO-induced renal �brosis

Total and phosphorylated CaMKII and ERK levels after UUO operation were measured using
immunoblotting (Figure 5). Total CaMKII and ERK expression levels in the obstructed kidneys were higher
compared to control kidneys, and were not affected after NR1 knockdown. In addition, CaMKII and ERK
phosphorylation levels increased after UUO injury, while NR1 knockdown signi�cantly reduced their
phosphorylation levels. A more notable reduction in phosphorylation was observed for CaMKII.

Oral NMDAR inhibitor dextromethorphan protected kidneys from chronic �brosis after IR injury

IRI was performed on the right kidneys of mice and chronic RF was induced soon afterwards. Varying
degrees of recovery were observed after DXM administered at different dosages. Kidneys from mice
treated with DXM were larger in size compared to controls. Mice that were administered the highest dose
of DXM had nearly the same sized kidneys as normal mice and were consistent with Masson’s staining
results (Figure 6). Mice in the DXM group had better preservation of kidney structures and
corticomedullary volumes. The differences in serum creatinine levels between the groups were not
signi�cant (P > 0.05).

Discussion
In the present study, we demonstrated that 1) NMDAR was overexpressed during renal �brosis induced by
ureteral obstruction in vivo and by TGF-β treatment in vitro, 2) NMDAR activation induced the
phosphorylation of CaMKII and ERK, 3) both NR1 inhibition and knockdown signi�cantly reduce the
phosphorylation levels of CaMKII and ERK, 4) CaMKII inhibition reduces the phosphorylation of ERK but
has no effect on NR1 expression, 5) oral administration of NMDAR inhibitor suppresses the chronic renal
�brosis after sublethal ischemic injury.

Fibrosis is associated with a reduction in the functional structures of the kidney, which eventually leads to
organ failure. Renal �brosis is the common outcome of all progressive nephropathies. The initial
therapeutic strategy for the treatment of renal �brogenesis was to target the renin angiotensin system
(using angiotensin converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARB)) [31].
However, this approach was not e�cacious in treating renal �brosis. Later, several studies demonstrated
that TGF-β played a central role in �brosis [32]. However targeting TGF-β is problematic due to its diverse
roles in cell proliferation and differentiation, wound healing and in the immune system [33]. Although
several targeting strategies have been proven effective in renal �brosis animal models, there are no novel
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therapeutic targets that have demonstrated safety and e�cacy in preventing or alleviating renal �brosis
in humans [34]. One important reason is that rodent models often do not fully mimic the human clinical
situation and only a few studies have used more than one model to verify their �ndings [35]. There are
multiple mice models of renal �brosis based on different inducements. Surgical animal models have
been used to reduce kidney mass, UUO and IRI. Kidney mass reduction could be achieved by 5/6
nephrectomy, however it is less likely to mimic the human clinical situation [36]. UUO and IRI are hence
the closest models to replicate human disease, thus we used both models to determine the e�cacy of
NMDAR in renal �brosis. The UUO model is the most widely used because of its rapid development of
tubular atrophy, interstitial �brosis and matrix deposition. However, this absolute obstruction is very rarely
observed in humans. Nonetheless, the UUO model reproduces a typical �brotic sequence of events
including hemodynamic changes, interstitial in�ammatory in�ltration, and tubular cell death [37]. Our
results demonstrated that TGF-β (Supplemental Figure 1) and NR1 were increased after UUO injury, and
NR1 knockdown protected kidneys from acute injury after UUO with a stable expression of TGF-β
(Supplemental Figure 1). A sixty-minute ischemia induces severe hypoxia and cell damage [38], and is
exacerbated by reperfusion, which eventually leads to �brosis [39]. Hence, we used the IRI model to mimic
chronic progression from injury to �brosis. Ischemic kidneys from mice treated with DXM had reduced
histological features 28 days after reperfusion. The effect of DXM on renal �brosis was dose-dependent,
with kidneys from mice treated with a high-dose of DXM exhibiting no signi�cant differences from
kidneys from control mice.

EMT of tubular epithelial cells (TECs) is a feature observed during renal �brosis [13]. TECs injury results
in loss of functional parenchyma and induces pathological processes including EMT [13]. Injury-induced
EMT eventually leads to �brosis [40]. Preventing the initiation of EMT results in the reduction of
myo�broblast recruitment and extracellular matrix deposition, and hence preserves functional TECs and
improves organ function [13]. In this study, we demonstrated that EMT markers were altered after UUO-
induced injury along with NMDAR activation. NR1 knockdown reduced the changes in expression levels
of Snail and E-cadherin. This suggested that NMDAR was a target for EMT inhibition.

In addition, we investigated the downstream pathway of NMDAR using HK-2 cells by TGF-β treatment.
Immuno�uorescent assays demonstrated low expression levels of NR1 in the cytoplasm and even lower
levels on the membranes of untreated HK-2 cells. Cytoplasmic localization of NR1 is associated with its
production in the endoplasmic reticulum and maturation, while membrane anchoring is associated with
maturation and function of NMDARs [41]. TGF-β increases NR1 expression and localization in both the
cytoplasm and membrane. CaMKII is one of the key protein kinases that mediates changes in
intracellular Ca2+ levels [42]. CaMKII phosphorylation increases signi�cantly during �brogenesis and
plays a key role in TGF-β-induced �brogenic cascades [43]. In addition to �brosis, CaMKII mediates
oxidative stress, which is pivotal for IRI progression [44]. CaMKII has been demonstrated to be activated
by NMDAR in the CNS as an intracellular sensitive kinase [45], however its function in the kidneys has not
been deciphered. Our study demonstrated that CaMKII was phosphorylated by activated NMDAR and NR1
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inhibition reduced CaMKII phosphorylation. In the UUO model, NR1 knockdown reduced CaMKII
phosphorylation but had no effect on total CaMKII expression.

ERK is a widely expressed intracellular signaling protein kinase and is involved in diverse biological
functions [46]. Phosphorylation at Thr202/Tyr204 residues results in its activation. ERK has been
demonstrated to be involved in renal �brosis, but its role has been controversial. Majority of studies have
shown that ERK acts as a pro-�brotic factor important for in�ammatory responses [47], TGF-β/Smad
signaling [48], ECM and myo�broblast accumulation [49,50]. In addition, ERK has recently been shown to
participate in EMT progression, and inhibition of ERK ameliorates renal interstitial �brosis by suppressing
tubular EMT [51,52]. However, Jang et.al. demonstrated that activation of ERK accelerates renal tubular
epithelial cell repair and inhibits �brogenesis following IRI [53]. This is consistent with previous studies
that showed the phosphorylation of ERK was protective and promoted the growth of renal tubular
epithelium but induced apoptosis in renal �broblasts [54]. We found that ERK was activated upon CaMKII
phosphorylation after NRI overexpression using both in vitro and in vivo �brosis models. NR1 shRNA
knockdown or inhibition with MK801 reduced the phosphorylation levels of ERK. Inhibition of CaMKII
reduced ERK phosphorylation, regardless of NR1 expression in the cytoplasm and on the membrane.

Conclusions
In summary, NMDAR participates in renal �brogenesis by activating the CaMKII/ERK pathway. NMDAR
inhibition via oral administration shows promise in protecting against �brosis after IRI. We believe that
NMDAR is a potential therapeutic target, however more studies are required to substantiate our �ndings.
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Supplemental Figure Legend
Supplemental Figure 1 Immunohistochemical staining of TGF-β1 in kidneys from Control (Con) group,
UUO group, UUO + NR1-sh group and UUO + Scr-sh group (A) and quantitative analysis (B).
Representative image out of n = 6 individual samples per group. Origin magni�cation: ×200. Scale
bar = 100 μm.

Figures

Figure 1

NR1 was overexpressed in UUO-injured kidneys in C57BL/6 mice. (A) Western blots of NR1 expression in
Control (Con) group, NR1-targeting shRNA-transfected (NR1-sh) group, UUO group and UUO + NR1-sh
group (A1) and band analysis (A2). (B) Masson’s trichrome staining of kidneys in Con group, UUO group,
UUO + NR1-sh group and UUO + Scr-sh group (B1) and quanti�cation of �brosis area (%) (B2). n = 6, *P
<0.01 versus Con group. Representative images from each group (Origin magni�cation: ×200. Scale
bar = 100 μm).
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Figure 2

NR1 knockdown partially reverses increased expression levels of �brotic markers in UUO kidneys. (A)
Immunohistochemical staining of �bronectin, α-SMA and S100A4 (A1) and quantitative analysis (A2) of
kidneys from Control (Con) group, UUO group, UUO + NR1-targeting shRNA-transfected (NR1-sh) group
and UUO + scrambled shRNA transfected (Scr-sh) group. (B) Western blotting of �bronectin, COL1A1, α-
SMA and S100A4 COL1A1 (B1) and quantitative analysis (B2). n = 6, *P <0.01 versus Con group, #P
<0.01 versus UUO group. Representative images from each group (Origin magni�cation: ×200. Scale
bar = 100 μm).
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Figure 3

NR1 partially inhibits expression changes in EMT markers after UUO injury. (A) Snail expression changes
measured by western blotting for the Control (Con) group, UUO group, NR1-targeting shRNA-transfected
(NR1-sh) + UUO group and scrambled shRNA transfected (Scr-sh) + UUO group (A1) and quantitative
analysis (A2). (B) E-cadherin (mean ± SEM, n = 6, *P <0.01 versus Con group, #P <0.01 versus UUO
group).
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Figure 4

Immuno�uorescent images for (A) p-CaMKII (red) and NR1 (green) expression and (B) p-ERK (red) and
NR1 (green) expression in HK-2 cells in the normal control group, TGF-β group, TGF-β+MK801 group and
TGF-β+KN93 group (Scale bar = 10 μm).

Figure 5

NMDAR activates CaMKII/ERK in UUO-induced renal �brosis C57BL/6 mice. (A) Western blots for total
and p-CaMKII, and total and p-ERK expression levels and (B) band analysis (mean ± SEM, n = 6, *P <0.01
versus Control (Con) group, #P <0.01 versus UUO group).
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Figure 6

Oral NMDAR inhibitor dextromethorphan protected kidneys from chronic RF after IR injury. (A) Injured
kidneys on the left and healthy kidneys on the right with Masson’s staining of injured kidneys. (B) Kidney
functions. IR group: ischemia/reperfusion group, LD group: low-dose DXM group, MD group: moderate-
dose DXM group, HD group: high-dose DXM group. Representative image out of n = 6 individual samples
per group. The original magni�cation of staining images was 40× (Scale bar = 100μm).
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