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Abstract: Ketamine-associated cystitis is characterized by suburothelial inflammation and urothelial
cell death. Norketamine (NK), the main metabolite of ketamine, is abundant in urine following
ketamine exposure. NK has been speculated to exert toxic effects in urothelial cells, similarly to
ketamine. However, the molecular mechanisms contributing to NK-induced urothelial cytotoxicity
are almost unclear. Here, we aimed to investigate the toxic effects of NK and the potential mechanisms
underlying NK-induced urothelial cell injury. In this study, NK exposure significantly reduced cell
viability and induced apoptosis in human urinary bladder epithelial-derived RT4 cells that NK
(0.01–0.5 mM) exhibited greater cytotoxicity than ketamine (0.1–3 mM). Signals of mitochondrial
dysfunction, including mitochondrial membrane potential (MMP) loss and cytosolic cytochrome c
release, were found to be involved in NK-induced cell apoptosis and death. NK exposure of cells
also triggered the expression of endoplasmic reticulum (ER) stress-related proteins including GRP78,
CHOP, XBP-1, ATF-4 and -6, caspase-12, PERK, eIF-2α, and IRE-1. Pretreatment with 4-phenylbutyric
acid (an ER stress inhibitor) markedly prevented the expression of ER stress-related proteins and
apoptotic events in NK-exposed cells. Additionally, NK exposure significantly activated JNK, ERK1/2,
and p38 signaling and increased intracellular calcium concentrations ([Ca2+]i). Pretreatment of cells
with both PD98059 (an ERK1/2 inhibitor) and BAPTA/AM (a cell-permeable Ca2+ chelator), but
not SP600125 (a JNK inhibitor) and SB203580 (a p38 inhibitor), effectively suppressed NK-induced
mitochondrial dysfunction, ER stress-related signals, and apoptotic events. The elevation of [Ca2+]i
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in NK-exposed cells could be obviously inhibited by BAPTA/AM, but not PD98059. Taken together,
these findings suggest that NK exposure exerts urothelial cytotoxicity via a [Ca2+]i-regulated ERK1/2
activation, which is involved in downstream mediation of the mitochondria-dependent and ER
stress-triggered apoptotic pathway, consequently resulting in urothelial cell death. Our findings
suggest that regulating [Ca2+]i/ERK signaling pathways may be a promising strategy for treatment
of NK-induced urothelial cystitis.

Keywords: norketamine; bladder urothelial cell; mitochondrial dysfunction; ER stress; extracellular
signal-regulated kinases 1/2; intracellular calcium

1. Introduction

Ketamine, a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, is
usually used as a rapid-onset, short-duration anesthetic and analgesic in clinical surgery [1].
It has been reported that long-term ketamine abuse can cause damage of the upper and
lower urinary tract, resulting in the development of ketamine-associated cystitis, which is
characterized by urinary frequency/urgency, hematuria and dysuria, urothelial ulceration,
inflammatory cell infiltration, and a thickened, contracted, and inflamed bladder [2–4]. In
histopathological studies, the sloughing/loss of the bladder epithelium (urothelium) was
observed in ketamine-associated cystitis patients and mice [5,6]. A growing volume of
in vitro studies have shown that exposure to ketamine can induce the urothelial cell cyto-
toxicity and apoptosis [7,8]. In vivo studies have shown that ketamine promotes oxidative
stress-mediated signaling pathways, which are accompanied by mitochondrial dysfunction
and endoplasmic reticulum (ER) stress, leading to apoptosis in the bladder [9,10]. These
studies suggest that ketamine is directly toxic to the bladder epithelium.

More importantly, norketamine (NK), the main metabolite of ketamine, is generated
through ketamine metabolism by cytochrome P450 family enzymes and N-demethylation
in the liver [11]. In most cases, NK is eventually hydroxylated to hydroxynorketamine
and excreted in the urine following conjugation with glucoronate [12]. However, it is
worth noting that a significantly low ratio of urine ketamine/NK (mean 0.743) has been
observed under long-term use or abuse ketamine [13]. Therefore, details of the urothelial
toxicities relating to the long-term accumulation of NK, as with ketamine, in the urinary
bladder, which may cause the cell death and detachment of the urothelium [12,14], needs
to be clarified urgently. Several studies have indicated that ketamine exposure can induce
urothelial cell cytotoxicity and apoptosis via the oxidative stress/endoplasmic reticulum
(ER) stress-mediated pathway [8–10,15]. However, to our best knowledge, there are no
studies on the toxicological effects and possible mechanisms underlying NK-induced
urothelial cell damage.

Mitochondria produce and supply ATP through oxidative phosphorylation processes
for the maintenance of cell function and viability [16]. Mitochondria can also play impor-
tant roles in the regulation of various cellular processes, including the synthesis of key
molecules and hormones involved in immune response, and cellular proliferation and apop-
tosis [17–19]. Mitochondrial dysfunction induced by the environmental and toxic insults
acting as stimuli has been reported to play a key role in activating apoptosis in mammalian
cells, constituting a major risk factor for the development of numerous diseases [18,20].
Some studies have shown that ketamine exposure can induce apoptosis in urothelial cells
through triggering cytochrome c release from mitochondria and subsequent activation of
caspase-9 and -3 [7,9,21]. However, the role of NK in activating the mitochondria-related
apoptotic pathway in urothelial cells remains unclear.

The endoplasmic reticulum (ER) is an organelle widely found in the cells of vari-
ous eukaryotes that has essential functions in synthesis and correcting folding during
the production of secretory proteins [22]. Under adverse environmental challenges, such
as pathological states and toxicants exposure, unfolded or misfolded proteins can ac-
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cumulate in the ER lumen, which perturbs ER homeostasis and triggers the unfolded
protein response (UPR), leading to ER stress [23,24]. The UPR is mediated through three
independent ER transmembrane receptors: activating transcription factor (ATF)-6, inositol-
requiring enzyme 1 (IER1), and protein kinase RNA-like endoplasmic reticulum kinase
(PERK) [24,25]. In resting cells, these ER stress receptors are inactivated by binding to
the ER chaperone, 78 kDa glucose regulated protein (GRP78). During ER stress, the in-
crease in unfolded/misfolded proteins accumulation causes the dissociation of GRP78
and activation of the three ER stress receptors, triggering the UPR [23,24]. In most cases,
the activation of the UPR is a pro-survival response aimed at reducing the backlog of
unfolded/misfolded proteins and restoring ER homeostasis. However, if the UPR fails to
resolve the ER stress, this otherwise protective signaling switches to eliciting apoptotic
responses, resulting in cellular dysfunction and death [22,26]. It has been indicated that
the ER stress-initiated apoptosis pathway is linked to toxicant-induced mammalian cell
death [27–30]. Recently, Mansouri et al. [31] observed increased caspase-3 cleavage as well
as significant upregulation of CCAAT/enhancer-binding protein (C/EBP) homologous
protein (CHOP)/GADD153 mRNA expression in ketamine-treated adult neural stem cells.
In vivo and in vitro studies have also shown that ketamine can cause the uroepithelial
cell cytotoxicity via induction of apoptosis and the expression of ER stress-related mark-
ers [10,32]. However, to our best knowledge, there are no studies that have investigated
whether NK can interfere with mitochondrial and/or ER function and cause mitochondria-
dependent/ER stress-triggered apoptosis in uroepithelial cells.

Mitogen-activated protein kinases (MAPKs), comprising of the extracellular signal-
regulated kinases 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), p38, and ERK5, are a family
of serine/threonine protein kinases that play a crucial role in converting extracellular stim-
uli into responses affecting a wide range of cellular processes, including cell proliferation,
differentiation, growth, and apoptosis [33,34]. Aberrant or inappropriate functions of
MAPKs have been widely reported to play important roles in mammalian cell dysfunction,
apoptosis, and death and can be induced by various types of stress, such as toxic insults,
pathological processes, and intracellular calcium ion ([Ca2+]i) overload [35–39]. [Ca2+]i, a
ubiquitous and versatile intracellular second messenger, plays important roles in controlling
the cellular activities in mammalian cells, involved in multiple signaling cascades, such as
those controlling myofilament contraction, hormone/growth factor secretion, metabolism
modulation, and gene transcription [40,41]. Excessive and uncompensated increases in
[Ca2+]i or severe [Ca2+]i dysregulation can induce cellular homeostasis loss and disrupt
Ca2+ signaling, leading to the induction of mitochondria- and ER stress-mediated apoptosis
in response to various pathological conditions and chemically induced toxicities [36,42–44].
It has been shown that toxic chemicals, such as cadmium and fluorochloridone, can signifi-
cantly induce [Ca2+]i elevation-dependent apoptosis through a MAPK-mediated pathway,
leading to cell death [36,38,39]. A growing number of studies have reported that exposure
to ketamine induces cell damage and apoptotic death both in vitro and in vivo in urothelial
and bladder smooth muscle cells, which were associated with changes in the phosphory-
lation status of JNK, ERK1/2, and p38 proteins [10,45,46]. Studies by Baker et al. [7] and
Zuo et al. [47] also showed that cytosolic [Ca2+]i overloads, which induces the deleterious
processes leading to apoptosis, are considered a target of the toxic action of ketamine in
neuronal and urothelial cells. However, the effects of NK on the activation of MAPKs and
[Ca2+]i signals in urothelial cells are still unclear.

In this study, our overall aim was to investigate the toxic effects and possible mech-
anisms of the main ketamine metabolite, NK, on bladder urothelial cells. The roles of
MAPKs and [Ca2+]i signals and the involvement of mitochondrial dysfunction and the ER
stress response in NK-induced urothelial cytotoxicity were examined and clarified.
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2. Results
2.1. Effects of Ketamine and Its Metabolite Norketamine (NK) on Cell Viability and Apoptosis in
RT4 Cells

We first investigated the cytotoxic effects of ketamine in human urinary bladder
epithelial-derived RT4 cells by MTT assay. Treatment of cells with 0.01–3 mM ketamine
for 24 h significantly reduced cell viability in a dose-dependent manner, and the median
effective concentration (EC50) was approximately 2 mM (52.4 ± 7.4% of control; Figure 1).
Next, the caspase-3 activity and caspase cascade activation in ketamine-treated cells were
assayed. As shown in Figure 2A, ketamine (1–3 mM) markedly increased caspase-3 activity
in a concentration-dependent manner in RT 4 cells following 24 h exposure. Moreover, the
treatment of cells with ketamine (2 mM) at various time intervals (8–24 h) resulted in the
significant increase in the cleaved forms of caspase-3, -7, -9, and PARP (Figure 2B).

We next examined the cytotoxic effects of NK on RT4 cells. As shown in Figure 1,
treating cells with NK for 24 h dramatically decreased cell viability in a concentration-
dependent manner (range of 0.01–0.5 mM; 0.01 mM, 92.4 ± 2.8% of control; 0.03 mM,
89.2 ± 2.3% of control; 0.05 mM, 85.7 ± 4.1% of control; 0.1 mM, 74.2 ± 4.4% of control;
0.2 mM, 55.3± 4.1% of control; 0.3 mM, 31.3± 4.6% of control; 0.5 mM, 9.8± 1.9% of control;
p < 0.05). The NK EC50 for cell viability inhibition was approximately 0.2 mM. Moreover,
treatment of RT4 cells with NK (0.1–0.3 mM) for 24 h also significantly increased caspase-3
activity (at 0.2 mM, 194.1 ± 24.2% of control), which could effectively be abolished by the
addition of Z-VAD-FMK (3 µM; the pan-caspase inhibitor) (Figure 3A). Based on these
results, the concentration of 0.2 mM NK was chosen for use in subsequent experiments.

We next tested the effects of NK on the activation of caspase cascade proteases, which
are one of the most widely recognized apoptotic markers. As shown in Figure 3B, Western
blot analysis displayed an obvious increase in the protein expression of cleaved forms
of caspase-3, -7, and -9 and PARP in NK (0.2 mM)-treated RT4 cells following 8–24 h
exposure. Pretreatment of cells with Z-VAD-FMK (3 µM) for 1 h prior to NK exposure for
24 h significantly reduced caspase-3, -7, and PARP activation (Figure 3C). These results
indicate that treatment of RT4 cells with NK is capable of inducing apoptosis. Moreover,
NK has a more potent cytotoxic effect than ketamine on RT4 cells.
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Figure 1. Cytotoxic effect of ketamine and norketamine (NK) on RT4 cells. Cells were treated with 
ketamine (0.01–3 mM) or NK (0.01–0.5 mM) for 24 h, and cell viability was determined using MTT 
assay. Data are presented as the means ± SD of four independent experiments assayed in triplicate. 
* p < 0.05 compared to vehicle control. 

Figure 1. Cytotoxic effect of ketamine and norketamine (NK) on RT4 cells. Cells were treated with
ketamine (0.01–3 mM) or NK (0.01–0.5 mM) for 24 h, and cell viability was determined using MTT
assay. Data are presented as the means ± SD of four independent experiments assayed in triplicate.
* p < 0.05 compared to vehicle control.
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Figure 2. Ketamine induces apoptosis in RT4 cells. Cells were treated with ketamine (2 mM) for 
various time intervals. (A) Caspase-3 activity was detected using the Caspase-3 Activity Assay Kit. 
Data are presented as the means ± SD of four independent experiments assayed in triplicate. * p < 
0.05 as compared to vehicle control. (B) The levels of protein expression for the precursor form of 
caspase-3, -7, and -9, and PARP were examined using Western blot analysis. Results shown on a 
representative image, and quantification was determined by densitometric analysis. Each bar pre-
sented is the mean ± SD of three independent experiments. * p < 0.05 compared to the vehicle control. 

Figure 2. Ketamine induces apoptosis in RT4 cells. Cells were treated with ketamine (2 mM) for
various time intervals. (A) Caspase-3 activity was detected using the Caspase-3 Activity Assay
Kit. Data are presented as the means ± SD of four independent experiments assayed in triplicate.
* p < 0.05 as compared to vehicle control. (B) The levels of protein expression for the precursor
form of caspase-3, -7, and -9, and PARP were examined using Western blot analysis. Results shown
on a representative image, and quantification was determined by densitometric analysis. Each
bar presented is the mean ± SD of three independent experiments. * p < 0.05 compared to the
vehicle control.
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Figure 3. Norketamine (NK) induces apoptosis in RT4 cells. Cells were treated with NK (0.1–0.3 mM) 
for 8–24 h in the absence or presence of Z-VAD-FMK (3 μM; the pan-caspase inhibitor) for 1 h prior 
to the addition of NK. (A) Caspase-3 activity was detected using the caspase-3 Activity Assay Kit, 
and data are presented as the means ± SD of four independent experiments assayed in triplicate. 
(B,C) The levels of protein expression for the cleaved form of caspase-3, -7, -9, and PARP were ex-
amined using Western blot analysis, and results shown on representative images, and quantification 
was determined by densitometric analysis. Each bar presented is the mean ± SD of three independ-
ent experiments. * p < 0.05 compared to the vehicle control. # p < 0.05 compared to NK treatment 
alone. 

Figure 3. Norketamine (NK) induces apoptosis in RT4 cells. Cells were treated with NK (0.1–0.3 mM)
for 8–24 h in the absence or presence of Z-VAD-FMK (3 µM; the pan-caspase inhibitor) for 1 h prior to
the addition of NK. (A) Caspase-3 activity was detected using the caspase-3 Activity Assay Kit, and
data are presented as the means± SD of four independent experiments assayed in triplicate. (B,C) The
levels of protein expression for the cleaved form of caspase-3, -7, -9, and PARP were examined using
Western blot analysis, and results shown on representative images, and quantification was determined
by densitometric analysis. Each bar presented is the mean ± SD of three independent experiments.
* p < 0.05 compared to the vehicle control. # p < 0.05 compared to NK treatment alone.
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2.2. Norketamine (NK)-Induced Apoptosis Is Mediated by a Mitochondria-Dependent Pathway in
RT4 Cells

To investigate whether NK-induced cell apoptosis was mediated by a mitochondria-
dependent pathway, the MMP and cytochrome c release were analyzed. As shown in
Figure 4A,B, treatment of cells with NK (0.2 mM) for 6 h led to statistically significant
reduction in MMP (87.3 ± 3.9% of control), while there was a more marked reduction
following 24 h treatment (64.1 ± 6.3% of control). Cytochrome c release from mitochondria
into the cytosolic fraction was also slightly (for 6 h) and markedly (for 24 h) increased in
NK (0.2 mM)-treated RT4 cells (Figure 4C). These results indicate that the mitochondria-
dependent apoptotic pathway may play an important role in NK-induced RT4 cell apoptosis.
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1s), ATF-4, cleaved ATF-6, and caspase-12 (the downstream molecule of ER stress); but 
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lated PERK, eIF2α, and IRE1 (the major arms of ER stress) were significantly increased in 
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Figure 4. Norketamine (NK) induces mitochondrial dysfunction in RT4 cells. Cells were treated with
or without NK (0.2 mM) for 6 and 24 h. (A) DiOC6 fluorescent probe was used to detect changes in
MMP. The images were captured by fluorescence microscopy at a magnification of 400×. Scale bar:
20 µm. (B) Loss of MMP was detected and quantified using flow cytometry. Data are presented as
the means ± SD of four independent experiments assayed in triplicate. (C) The release of cytochrome
c from the mitochondria into the cytosolic fraction was analyzed using Western blot analysis. Results
shown on a representative image, and quantification was determined by densitometric analysis.
Each bar presented is the mean ± SD of three independent experiments. * p < 0.05 compared to
vehicle control.

2.3. Norketamine (NK) Induces the ER Stress Response in RT4 Cells

To determine whether ER stress signals were involved in NK-induced cell apoptosis,
the protein expression of ER stress-related markers was analyzed. As shown in Figure 5A,
treatment of cells with NK (0.2 mM) for 8–24 h obviously triggered the protein expression
of ER stress-related molecules, including GRP78, CHOP, the spliced form of XBP-1 (XBP-1s),
ATF-4, cleaved ATF-6, and caspase-12 (the downstream molecule of ER stress); but NK
did not affect the expression of GRP 94 protein. In addition, the levels of phosphorylated
PERK, eIF2α, and IRE1 (the major arms of ER stress) were significantly increased in RT4
cells treated with NK for 2–8 h (Figure 5B).
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Figure 5. Involvement of ER stress-regulated signaling in norketamine (NK)-induced RT4 cell apop-
tosis. Cells were treated with NK (0.2 mM) for different time intervals (2–24 h), and the levels of 
protein expression for (A) GRP78, GRP94, CHOP, XBP-1s, ATF-4, cleaved ATF-6, and caspase-12, 
and (B) the phosphorylated or total eIF2α, PERK, and IRE-1 were examined using Western blot 
analysis. Additionally, RT4 cells were treated with NK (0.2 mM) for 24 h in the absence or presence 
of an ER stress inhibitor 4-phenylbutyric acid (4-PBA; 2 mM; for 1 h prior to treated with NK), and 
(C) the levels of protein expression for GRP78, CHOP, XBP-1s, ATF-4, cleaved ATF-6, Caspase-3, -
7, -12, and PARP were examined using Western blot analysis; and (D) caspase-3 activity was de-
tected using the caspase-3 Activity Assay Kit. Results shown in A, B, and C on representative images, 
and quantification was determined by densitometric analysis. Each bar presented is the mean ± SD 
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treatment alone. 
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apoptosis. Cells were treated with NK (0.2 mM) for different time intervals (2–24 h), and the levels
of protein expression for (A) GRP78, GRP94, CHOP, XBP-1s, ATF-4, cleaved ATF-6, and caspase-12,
and (B) the phosphorylated or total eIF2α, PERK, and IRE-1 were examined using Western blot
analysis. Additionally, RT4 cells were treated with NK (0.2 mM) for 24 h in the absence or presence
of an ER stress inhibitor 4-phenylbutyric acid (4-PBA; 2 mM; for 1 h prior to treated with NK), and
(C) the levels of protein expression for GRP78, CHOP, XBP-1s, ATF-4, cleaved ATF-6, Caspase-3, -7,
-12, and PARP were examined using Western blot analysis; and (D) caspase-3 activity was detected
using the caspase-3 Activity Assay Kit. Results shown in A, B, and C on representative images, and
quantification was determined by densitometric analysis. Each bar presented is the mean ± SD of
three independent experiments. Data in D are presented as the means ± SD of four independent
experiments assayed in triplicate. * p < 0.05 compared to vehicle control. # p < 0.05 compared to NK
treatment alone.
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To further confirm the relationship between the activation of ER stress and cell apopto-
sis, an ER stress inhibitor 4-phenylbutyric acid (4-PBA) was used. As shown in Figure 5C,D,
pretreatment of cells with 4-PBA (2 mM) for 1 h prior to NK exposure for 24 h effectively
and significantly inhibited both upregulation of ER stress-related molecules (including
GRP 78, CHOP, XBP-1s, ATF-4, cleaved ATF-6, and cleaved caspase-12) and apoptotic
events (including cleaved caspase-3 and -7, and PARP proteins and caspase-3 activity).
These results imply that NK is capable of inducing ER stress responses, with downstream
regulation of RT4 cell apoptosis.

2.4. ERK1/2 Signaling Pathway Plays an Important Role in Norketamine (NK)-Induced RT4
Cell Apoptosis

The MAPK signaling pathway is well-known to be regulated by various chemicals that
induce cytotoxicity and apoptosis in mammalian cells. We next investigated whether the
activation of MAPKs signals was involved in NK-induced RT4 cell apoptosis. As shown in
Figure 6, the levels of phosphorylated JNK1/2, ERK1/2, and p38 proteins were effectively
increased in RT4 cells treated with NK (0.2 mM) for 30–90 min. Pretreatment of cells with a
pharmacological inhibitor of ERK1/2 (PD98058; 20 µM), but not with inhibitors of either
JNK (SP600125) or p38 (SB203580), for 1 h prior to NK exposure effectively attenuated this
reduction in cell viability (Figure 7A) and the induction of apoptotic events (Figure 7B,C)
and increase in ER stress-related molecules (Figure 7C), mitochondrial dysfunction events
(cytosolic cytochrome c release, Figure 7D; MMP loss, Figure 7E), and phosphorylation
of ERK1/2 (Figure 7F). These results suggest that ERK1/2 signal activation-mediated
mitochondria-dependent and ER stress-regulated apoptosis is involved in NK-induced RT4
cell death.
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Figure 6. Effects of norketamine (NK) on the phosphorylation of MAPK signals in RT4 cells. Cells
were treated with NK (0.2 mM) for 30–90 min, and the protein phosphorylation levels of JNK, ERK1/2,
and p38 were examined using Western blot analysis. Results shown on representative images, and
quantification was determined by densitometric analysis. Each bar presented is the mean ± SD of
three independent experiments. * p < 0.05 compared to vehicle control.
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stress in RT4 cells. Cells were treated with NK (0.2 mM) for 24 h in the absence or presence of the
pharmacological inhibitor of JNK (SP600125; 20 µM), ERK1/2 (PD98059; 20 µM), or p38 (SB203580;
20 µM), and then (A) cell viability was determined using MTT assay, and (B) caspase-3 activity
was detected using the caspase-3 Activity Assay Kit. Furthermore, RT4 cells were treated with NK
(0.2 mM) for 1 or 24 h in the absence or presence of the specific inhibitor of ERK1/2 (PD98059; 20 µM;
for 1 h prior to treated with NK). The levels of protein expression for GRP78, CHOP, XBP-1s, ATF-4,
caspase-3, -7, and -12, and PARP (C), the release of cytochrome c from the mitochondria into cytosolic
fraction (D), and the protein phosphorylation of ERK1/2 (F) were examined using Western blot
analysis, and (E) MMP depolarization was measured using flow cytometry. Data in (A,B,E) are
presented as the means ± SD of four independent experiments assayed in triplicate. Results shown in
(C,D,F) on representative images, and quantification was determined by densitometric analysis. Each
bar presented is the mean ± SD of three independent experiments. * p < 0.05 compared to vehicle
control. # p < 0.05 compared to NK treatment alone.

2.5. The Role of [Ca2+]i Signaling in Norketamine (NK)-Induced RT4 Cell Apoptosis

It has been reported that [Ca2+]i signaling is involved in toxic insults-induced apopto-
sis in various types of cells [35,36,48]. To ascertain whether [Ca2+]i signal was involved in
NK-induced RT4 cell apoptosis, changes in [Ca2+]i were analyzed using flow cytometry.
As shown in Figure 8A, treatment of RT4 cells with NK (0.2 mM) for 0.5–2 h triggered
a time-dependent increase in the levels of [Ca2+]i. Pretreatment of cells with the cell-
permeable [Ca2+]i chelator BAPTA/AM (5 µM) for 1 h prior to NK exposure effectively
and significantly prevented [Ca2+]i elevation (Figure 8A), the induction of apoptotic events
(Figure 8B,C) and increase in ER stress-related molecules (Figure 8C), and cytosolic cy-
tochrome c release (Figure 8D) in NK-treated RT4 cells.

Furthermore, since both ERK1/2 and [Ca2+]i signals were found to be involved in the
NK-induced RT4 cell apoptosis, we next investigated whether there was the relationship
between ERK1/2 and [Ca2+]i signaling. As shown in Figure 8E, pretreatment of cells with
BAPTA/AM (5 µM) for 1 h prior to NK exposure significantly abrogated ERK1/2 protein
phosphorylation. However, the pretreatment of RT4 cells with PD98059 (20 µM) could not
prevent the NK-induced [Ca2+]i elevation (Figure 8A). These results suggest that [Ca2+]i
plays a crucial role in ERK1/2 signaling regulation of both mitochondria-dependent and
ER stress-triggered apoptosis, contributing to NK-induced TR4 cell death.
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Figure 8. The role of [Ca2+]i in norketamine (NK)-induced ERK1/2 signal activation and apoptosis in 
RT4 cells. Cells were treated with NK (0.2 mM) for different time intervals in the absence or presence 
of BAPTA/AM (5 μM) or PD98059 (20 μM). (A) [Ca2+]i levels were determined using flow cytometry 
(for 0.5–1.5 h). (B) Caspase-3 activity was detected using the caspase-3 Activity Assay Kit (for 24 h). 
(C) The levels of protein expression for GRP78, CHOP, XBP-1s, ATF-4, caspase-3, -7, and PARP (for 
24 h), (D) the release of cytochrome c form the mitochondria into cytosolic fraction (for 24 h), and 
(E) the protein phosphorylation for ERK1/2 (for 1 h) were examined using Western blot analysis. 
Data in A and B are presented as the means ± SD of four independent experiments assayed in trip-
licate. Results shown in C, D, and E on representative images, and quantification was determined 
by densitometric analysis. Each bar presented is the mean ± SD of three independent experiments. 
* p < 0.05 compared to vehicle control. # p < 0.05 compared to NK treatment alone. 
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been reported to cause lower urinary tract toxicity (termed ketamine cystitis), which dis-
plays pathological features of a contracted bladder with urothelium denudation [51]. It 
has been indicated that ketamine and its metabolites in the urine of the bladder directly 
contacts the urothelium, which has been shown to result in cell body shrinkage, chromatin 
condensation, and layer denudation, leading to urothelial cell apoptosis and focal full-
thickness urothelial loss [5,6,15]. Furthermore, it has been determined that ketamine is 
metabolized in the liver by cytochrome P450 enzymes (CYP3A4, CYP2B6, and CYP2CP) 
and transformed to NK via the N-demethylation pathway [52]. Chang et al. [14] and Sha-
hani et al. [4] studied patients of ketamine abuse and observed the apoptosis and detach-
ment of bladder urothelium, bladder inflammation, and bladder mucosa damage, which 
led to ulcerative cystitis. High concentrations of both ketamine and NK in the urine were 
also detected. The findings of Moore et al. [13] analyzing urine samples of patients follow-
ing illegal consumption of ketamine showed that there was a low ratio of urine keta-
mine/NK, ranging from 0.132 to 0.857. In animal models, where ketamine exposure caused 
ulcerated urothelium and bladder damage, it was also revealed that the levels of NK were 
higher concentration than those of ketamine in rat urine (ketamine vs. NK for 14 and 28 
days, i.p. injection: 1406 ± 241.0 to 1668.0 ± 225.6 ng/mL vs. 30016.0 ± 1161.4 to 33720.2 ± 

Figure 8. The role of [Ca2+]i in norketamine (NK)-induced ERK1/2 signal activation and apoptosis
in RT4 cells. Cells were treated with NK (0.2 mM) for different time intervals in the absence or
presence of BAPTA/AM (5 µM) or PD98059 (20 µM). (A) [Ca2+]i levels were determined using flow
cytometry (for 0.5–1.5 h). (B) Caspase-3 activity was detected using the caspase-3 Activity Assay Kit
(for 24 h). (C) The levels of protein expression for GRP78, CHOP, XBP-1s, ATF-4, caspase-3, -7, and
PARP (for 24 h), (D) the release of cytochrome c form the mitochondria into cytosolic fraction (for
24 h), and (E) the protein phosphorylation for ERK1/2 (for 1 h) were examined using Western blot
analysis. Data in (A,B) are presented as the means ± SD of four independent experiments assayed in
triplicate. Results shown in (C,D,E) on representative images, and quantification was determined
by densitometric analysis. Each bar presented is the mean ± SD of three independent experiments.
* p < 0.05 compared to vehicle control. # p < 0.05 compared to NK treatment alone.

3. Discussion

In this study, we first observed that NK induced cytotoxicity in urothelial cells with an
EC50 of approximately 0.2 mM. We further demonstrated that treatment of NK (0.1–0.3 mM)
for 24 h could induce urothelial cell apoptosis. Ketamine, a NMDA receptor antagonist, has
been widely used as an anesthetic drug and is being increasingly abused as a recreational
drug due to its hallucinatory effects [49,50]. Long-term ketamine abuse has been reported
to cause lower urinary tract toxicity (termed ketamine cystitis), which displays pathological
features of a contracted bladder with urothelium denudation [51]. It has been indicated that
ketamine and its metabolites in the urine of the bladder directly contacts the urothelium,
which has been shown to result in cell body shrinkage, chromatin condensation, and
layer denudation, leading to urothelial cell apoptosis and focal full-thickness urothelial
loss [5,6,15]. Furthermore, it has been determined that ketamine is metabolized in the liver
by cytochrome P450 enzymes (CYP3A4, CYP2B6, and CYP2CP) and transformed to NK via
the N-demethylation pathway [52]. Chang et al. [14] and Shahani et al. [4] studied patients
of ketamine abuse and observed the apoptosis and detachment of bladder urothelium,
bladder inflammation, and bladder mucosa damage, which led to ulcerative cystitis. High
concentrations of both ketamine and NK in the urine were also detected. The findings
of Moore et al. [13] analyzing urine samples of patients following illegal consumption of
ketamine showed that there was a low ratio of urine ketamine/NK, ranging from 0.132
to 0.857. In animal models, where ketamine exposure caused ulcerated urothelium and
bladder damage, it was also revealed that the levels of NK were higher concentration
than those of ketamine in rat urine (ketamine vs. NK for 14 and 28 days, i.p. injection:
1406 ± 241.0 to 1668.0 ± 225.6 ng/mL vs. 30016.0 ± 1161.4 to 33720.2 ± 1262.7 ng/mL;
data from Liu et al., [9]) [9,52]. Juan et al. [52] showed that cell viability is reduced after
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the exposure of primary urothelial cells to 1 mM (about 237,725 ng/mL) ketamine for
24 h, similarly to exposure to urine samples obtained from ketamine-treated rats, which
contained 1.4 ng/mL ketamine and 38 ng/mL NK after 1000 dilution. These previous
findings reveal that the toxic effects of ketamine on the bladder urothelium are due not only
to ketamine but also its main metabolite NK. Juan et al. [53] also observed that treatment of
rat primary urothelial cells with a urine sample from ketamine-treated rats, which contains
ketamine and NK, can induce cytotoxicity and stimulate the expression of NF-κB-p65 and
COX-2 proteins, which may be involved in ketamine-induced ulcerative cystitis in rats.
In this study, we further demonstrate that exposure of urothelial cells to NK significantly
induced cytotoxicity in a concentration-dependent manner (ranging from 0.01 to 0.5 mM),
and that NK exhibits greater cytotoxicity than its parent compound ketamine.

There are many environmental toxicants reported to cause mitochondrial dysfunction,
which is accompanied by activation of the mitochondria-mediated caspase pathway (a ma-
jor apoptosis pathway) characterized by a reduction in mitochondrial membrane potential
(∆ΨM) and mitochondrial outer membrane permeabilization (MOMP) with subsequent
release of cytochrome c into the cytoplasm, which triggers caspase activation [54,55]. Ex-
posure of pancreatic β-cells to toxic chemicals, such as misfolded human islet amyloid
polypeptide (hIAPP), molybdenum, and high-glucose, induces cytotoxicity and cell death,
which are mechanistically accompanied by activation of the pathways leading to mitochon-
drial dysfunction and apoptosis [56–58]. Pretreatment with antioxidant N-acetylcysteine
can effectively prevent As3+- and Cr6+-induced mitochondrial toxicities (MMP depolariza-
tion and cytosolic cytochrome c release) and subsequent apoptotic responses in neuronal
cells [59,60]. A growing number of studies indicates that exposure to ketamine of various
mammalian cells, such as hepatocytes, neuronal cells, and urothelial cells, can result in
mitochondrial membrane depolarization and an increase in MOMP, allowing the release of
cytochrome c into the cytosol, which results in apoptosis [7,9,61,62]. In the present study,
we demonstrate the role of mitochondrial dysfunction-mediated apoptosis in NK-induced
urothelial cell death.

Chronic/overwhelming ER stress is a major factor affecting the initiation of apoptosis,
which can lead to cell death, organ dysfunction, and development of numerous pathological
diseases [22,63]. In addition to caspase-12, other ER stress markers, including GRP78 and
94, ATF-4, XBP-1s, and ER-associated apoptosis protein CHOP, have been reported to be
upregulated in mammalian cells exposed to toxicants. Typically, in vitro exposure to toxic
chemicals, such as MeHg and 4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene, in experiments
results significantly induced expression of ER stress-related markers in neuronal cells
and pancreatic β-cells, which contributes to apoptotic cell death [27,29,64]. Recently,
several studies have indicated that ketamine reduces cell viability and elevated apoptosis
in urothelial cells and neural stem cells via the activation of ER stress-related markers,
including IRE1, GRP78, and CHOP [10,31,32]. Several lines of studies using experimental
animal models coupled with results from patients with abuse or illegal consumption
of ketamine showed that ketamine injection could induce expression ER stress-related
markers, eliciting bladder apoptosis as well as high levels of NK in the urine, suggesting
that the toxic effects of ketamine on urinary bladder and urothelial cells were due not
only to ketamine but also its main metabolite NK [9,10,13,15]. However, no studies have
investigated the effects of NK on ER stress underlying urothelial cell death. In this study,
we found that NK was capable of causing the mitochondrial dysfunction as indicated by a
loss of MMP and an increase in the release of cytosolic cytochrome c, resulting in urothelial
cell apoptosis. Furthermore, exposure of urothelial cells to NK obviously increased the
expression of ER stress-related molecules. Pretreatment of cells with 4-PBA could effectively
attenuate NK-induced ER stress and apoptosis. These results suggest that NK exposure
can cause urothelial cell death via both mitochondria-dependent and ER stress-mediated
apoptotic pathways.

In this study, our results reveal the significant activation of ERK1/2 protein by NK in
urothelial cells. ERK1/2, belong to the MAPK family, plays an important role in regulating
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a broad range of cellular activities, including cell proliferation, differentiation, transcription,
and survival [65,66]. By contrast, ERK1/2 signal induced by exogenous/endogenous
stimuli has been demonstrated to play a role in controlling the mitochondrial dysfunction
and intrinsic apoptotic pathway, leading to cell death and the development of various
diseases [59,64,67,68]. In rats, ketamine exposure has been observed to significantly induce
rewarding behavior via conditioned place preference, which is accompanied by marked
increases in phosphorylated ERK1/2 protein in the hippocampus and caudate putamen [69].
A study by Chen et al. [45] demonstrated a significant increase in phosphorylated ERK1/2
protein as well as mitochondria damage and apoptosis in the urinary bladder of ketamine-
treated rats. Nevertheless, no studies have investigated the role of ERK1/2 in NK-induced
urothelial cell death. Herein, our results showed that treatment of RT4 cells with NK
resulted in significantly increased phosphorylation of JNK, ERK1/2, and p38 proteins.
Pretreatment of cells with the pharmacological ERK1/2 inhibitor PD98059, but not the JNK
inhibitor (SP600125) or p38 inhibitor (SB203580), effectively prevented the reduction in
cell viability, apoptotic events, mitochondrial dysfunction, expression of ER stress-related
molecules, and ERK1/2 activation in NK-treated RT4 cells. These results imply that ERK1/2
activation-mediated mitochondria-dependent and ER stress-triggered apoptotic pathways
play an important role in NK-induced urothelial cell death.

ER stress response and mitochondrial dysfunction induced by abnormally increased
[Ca2+]i have been identified to be involved in apoptotic routes [42,44]. It has been indicated
that toxic chemicals, such as methylmercury (MeHg), cadmium (Cd), butylated hydrox-
yanisole (BHA), and bisphenol AF (BPAF), can induce apoptosis through [Ca2+]i overload
and mitochondrial dysfunction/ER stress induction in various cell types [35,36,70,71].
Previous studies have also revealed that a significant elevation in [Ca2+]i resulting from
ketamine exposure is associated with mitochondrial dysfunction and apoptotic cell death in
neuronal and urothelial cells [7,72]. However, to the best of our knowledge, no studies have
elucidated the important regulators of [Ca2+]i in NK-induced urothelial cell death and the
sequential relationship between [Ca2+]i and ERK1/2 signaling that leads to urothelial cell
apoptosis. In the present study, our results showed that NK significantly elevated [Ca2+]i
levels in RT4 cells. Pretreatment of cells with calcium chelator BAPTA/AM effectively
abrogated NK-induced apoptotic events, the expression of ER stress-related molecules,
mitochondrial dysfunction, and ERK1/2 protein phosphorylation. Moreover, the elevation
of intracellular [Ca2+]i in NK-exposed RT4 cells was significantly abolished by BAPTA/AM
but not ERK1/2 inhibitor PD98059. These findings suggest that [Ca2+]i plays a role as a
key regulator of NK-induced cytotoxicity, which causes ERK1/2 activation downstream-
mediated mitochondria dysfunction and ER stress activation, contributing to the induction
of apoptosis, and therefore urothelial cell death.

Oxidative stress has been demonstrated to play a critical role in several pathological
conditions of the urinary bladder [73]. Several recent in vitro and in vivo studies have
reported that ketamine abuse can induce reactive oxygen species (ROS) production, lead-
ing to uroepithelial cell apoptosis and death [8,9,51,74]. Furthermore, it is well known
that the nuclear factor erythroid 2-related factor 2 (Nrf2), a member of a family of basic
leucine transcription factors participating in the regulation of antioxidant response element
(ARE)-mediated gene expression, is part of one of the most important protective mecha-
nisms/antioxidant defense systems against oxidative stress in mammalian cells [75]. Nrf2
activates a series of enzymes with antioxidant and detoxifying activity that play a key
role in the protection of cells against various environmental stresses, such as electrophiles,
reactive oxygen species, DNA damage, and apoptosis [76]. Under normal conditions,
Nrf2 is present in the cytoplasm and complexes with Kelch-like ECH-associated protein 1
(Keap1). In response to oxidative stress, Nrf2 is dissociated from Keap1 (the conformational
change and the release) and then translocates into the nucleus [77]. It has been shown
that an increase in Nrf2 levels can protect uroepithelial cells from chemical-induced cy-
totoxicity and apoptosis [78,79]. Nrf2 knockout substantially increases the susceptibility
to a broad range of chemical toxicity and disease conditions associated with oxidative
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pathology [80,81]. A study by Sun et al. [82] has shown the positive correlation between
the loss of Nrf2 and the exacerbation of ER stress-induced apoptosis in the brain tissue of
Nrf2 knockout mice with traumatic brain injury. Recently, Liu et al. [9] and Cui et al. [32]
reported that ketamine exposure-induced uroepithelial cell apoptosis involves oxidative
stress and ER stress responses. Our results from this study also found that NK, similarly to
ketamine [9,32], could significantly increase ROS generation (Supplement Figure S1) and
the expression of ER stress-related molecules (Figure 5). Both ketamine and norketamine
treatment also led to a marked decrease in Nrf2 protein levels (Supplement Figure S2),
suggesting that Nrf2 might play a key role in ketamine- and NK-induced uroepithelial
cell apoptosis. However, the relationship between oxidative stress, Nrf2, and ER stress
underlying the ketamine- and NK-induced uroepithelial cell injury are mostly unclear.
Thus, further experiments are required to investigate this important issue in the future.

4. Materials and Methods
4.1. Materials

Unless otherwise specified, all chemicals and laboratory plastic wares were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and Falcon Labware (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA), respectively. McCoy’s 5A Medium, fetal bovine serum
(FBS), and antibiotics were purchased from Gibco/Invitrogen (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Mouse- or rabbit- monoclonal antibodies specific for cleaved
caspase-3 (Cat. No.: #9661), cleaved caspase-7 (Cat. No.: #9491), cleaved caspase-9 (Cat.
No.: #7237), PARP (Cat. No.: #9542) cytochrome c (Cat. No.: #11940), GRP 78 (Cat. No.:
#3183), GRP 94 (Cat. No.: #2104), CHOP (Cat. No.: #2895), XBP-1 (Cat. No.: #40435), ATF-4
(Cat. No.: #11815), PERK (Cat. No.: #3192), phosphorylated (p)-eIF-2α (Cat. No.: #5199),
eIF-2α (Cat. No.: #9722), p-JNK (Cat. No.: #9251), p-ERK1/2 (Cat. No.: #4377), p-p38
(Cat. No.: #9216), JNK-1 (Cat. No.: #3708), JNK-2 (Cat. No.: #4672), ERK1/2 (Cat. No.:
#9102), p38 (Cat. No.: #8690), and β-actin (Cat. No.: #8457), and secondary antibodies
(horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Cat. No.: #7076) or anti-rabbit
IgG (Cat. No.: #7074)) were purchased from Cell Signaling Technology (Cell Signaling
Technology, Danvers, MA, USA); an antibody specific for p-PERK (Cat. No.: sc-32577) was
purchased from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA,
USA); an antibody specific for caspase-12 (Cat. No.: ab62484) was purchased from Abcam
(Abcam plc, Cambridge, UK); an antibody specific for ATF-6 (Cat. No.: NBP1-40256) was
purchased from Novus Biologicals (Novus Biologicals LLC, Littleton, CO, USA); and an
antibody specific for p-IRE-1 (Cat. No.: AP0878) was purchased from Abclonal (Woburn,
MA, USA).

4.2. Cell Culture

RT4 cells, a human urinary bladder epithelial-derived cell line, were purchased from
American Type Culture Collection (ATCC; HTB-2) and cultured in a humidified chamber
with a 5% CO2–95% air mixture at 37 ◦C and maintained in McCoy’s 5A medium supple-
mented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL of penicillin and
100 µg/mL of streptomycin).

4.3. Cell Viability Assay

Cells were washed with fresh medium and cultured in 96-well plates (2 × 104 cells/well)
and then stimulated with ketamine (0.01–3 mM) or NK (0.01–0.5 mM) for 24 h. After
incubation, medium was aspirated and cells were incubated with fresh medium containing
0.2 mg/mL 3-(4,5-dimethyl thiazol-2-yl-)-2,5-diphenyl tetrazolium bromide (MTT). After
4 h, the medium was removed and the blue formazan crystals were dissolved in 100 µL of
dimethyl sulfoxide (DMSO). Absorbance at 570 nm was measured using a Bio-Tek uQuant
Microplate Reader (MTX Lab Systems, Winooski, VT, USA).
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4.4. Determination of Caspase-3 Activity

Caspase-3 activity was assessed using a Caspase-3 Activity Assay Kit (Cell Signaling
Technology, Inc.). RT4 cells were seeded at 2 × 105 cells/well in a 24-well plate and treated
with ketamine (1–3 mM) or NK (0.1–0.3 mM) at 37 ◦C in the absence or presence of Z-VAD-
FMK (3 µM), 4-phenylbutyric acid (4-PBA; 2 mM), SP600125 (20 µM), PD98059 (20 µM),
SB203580 (20 µM), and BAPTA/AM (5 µM). At the end of treatment (for 24 h), the cell
lysates were incubated at 37 ◦C with 10 µM Ac-DEVD-AMC, a caspase-3/CPP32 substrate,
for 1 h. The fluorescence of the cleaved substrate was measured using a spectrofluorometer
(Gemini XPS Microplate Reader, Molecular Devices, San Jose, CA, USA) at an excitation
wavelength at 380 nm and an emission wavelength at 460 nm.

4.5. Detection of Mitochondrial Membrane Potential (MMP)

MMP was analyzed using the fluorescent probe DiOC6, which is a positively charged
mitochondria-specific fluorophore. Briefly, RT4 cells were seeded at 2 × 105 cells/well in
a 24-well plate and incubated with NK (0.2 mM) for 6 or 24 h in the absence or present
(1 h pre-treatment) of PD98059 (20 µM) or BAPTA/AM (5 µM). At the end of treatment,
cells were incubated with medium containing 100 nM 3,3′-dihexyloxacarbocyanine iodide
(DiOC6) for 30 min at 37 ◦C. After incubation with the dye, cells were harvested and
washed twice with phosphate buffered saline (PBS), and then re-suspended in ice-cold
PBS. MMP was analyzed using a flow cytometer (FACScalibur, Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) and CellQuest software version 5.1 (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA).

4.6. Western Blot Analysis

RT4 cells were seeded at 1 × 106 cells/well in a 6-well culture plate and treated
with ketamine (2 mM) or NK (0.2 mM) in the absence or presence (1 h pre-treatment) of
4-phenylbutyric acid (4-PBA; 2 mM), PD98059 (20 µM), or BAPTA/AM (5 µM). At the end
of various treatment durations, the levels of protein expression were analyzed by Western
blot analysis as previously described [27,36]. In brief, equal amounts of proteins (50 µg
per lane) were subjected to electrophoresis on 10% (W/V) SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked
for 1 h in PBST (PBS, 0.05% Tween-20) containing 5% nonfat dry milk. After blocking, the
membranes were incubated with mouse- or rabbit-monoclonal antibodies specific against
cleaved caspase-3, cleaved caspase-7, cleaved caspase-9, cleaved caspase-12, cleaved PARP,
GRP 78, GRP 94, CHOP, XBP-1,ATF-4 and -6, p-PERK, p-eIF2α, p-IRE-1, p-JNK, p-ERK1/2,
p-p38, PERK, eIF2α, JNK-1, JNK-2, ERK1/2, p38, and β-actin in 0.1% PBST (1:1000) for
12–16 h at 4 ◦C. After three additional washes in 0.1% PBST (15 min each), the respective
HRP-conjugated secondary antibodies were applied (1:2500 in 0.1% PBST) for 1 h at 4 ◦C.
The antibody-reactive bands were detected using enhanced chemiluminescence reagents
(PierceTM, Thermo Fisher Scientific Inc., USA) and analyzed using a luminescent image
analyzer (ImageQuant™ LAS-4000) (GE Healthcare Bio-Sciences Corp., Piscataway, NJ,
USA). For cytosol cytochrome c expression, the detection was performed as previously
described in Fu et al. [59]. In brief, at the end of treatments, cells were detached, washed
twice with PBS, and then homogenized in extract buffer (0.4 M mannitol, 25 mM MOPS
(pH 7.8), 1 mM EGTA, 8 mM cysteine, and 0.1% (w/v) bovine serum albumin) using a
pestle and mortar. The cell debris was removed via centrifugation at 6000× g for 2 min.
The supernatant was recentrifuged at 12,000× g for 15 min. The supernatant (cytosolic
fraction) was detected cytochrome c expression by Western blot analysis.

4.7. Measurement of Intracellular Calcium Levels

Intracellular calcium levels were monitored by Fluo-3/AM (Sigma-Aldrich, St. Louis,
MO, USA), which is a Ca2+-sensitive fluorescent indicator. In brief, RT4 cells were seeded
(2× 105 cells/well) in 24-well culture plates and treated with NK (0.2 mM) in the absence or
presence of 5 µM BAPTA/AM or 20 µM PD98059 (prior to the treatment with norketamine).
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At the end of the treatment period (for 0.5–2 h), the medium was replaced with fresh
McCoy’s 5A supplemented with Fluo-3/AM (5 µM), followed by an additional 30 min
incubation in the dark. Cells were washed twice with PBS to remove the intracellular AM
esters before being analyzed. Fluorescence intensities were detected by flow cytometry
(FACScalibur, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) using CellQuest
software version 5.1 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

4.8. Statistical Analysis

Data are presented as the mean ± standard deviation (SD) of at least four independent
experiments. All data analyses were performed using SPSS software version 12.0 (SPSS, Inc.,
Chicago, IL, USA). For each experimental condition, significant differences were assessed
by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test; p value < 0.05
was considered to indicate significance.

5. Conclusions

In our study, we elucidated that NK can cause urothelial cytotoxicity through the
mitochondria-dependent and ER stress-triggered apoptotic pathways. The axis of [Ca2+]i-
activated ERK1/2 signal pathway is identified as a critical mechanism underlying NK-
induced urothelial cell apoptosis. These findings not only provide useful evidence sup-
porting the role of the main ketamine metabolite NK as a key substance in ketamine
abuse-induced urothelial cytotoxicity, but also underline that the regulation of [Ca2+]i/ERK
signaling pathways may be a promising intervention with potential application for the
development of targeted drugs in the treatment of NK-induced urothelial cystitis.
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ATF activating transcription factor
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GRP glucose regulated protein
IRE-1 inositol-requiring enzyme 1
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PARP poly(ADP-ribose) polymerase
PERK protein kinase RNA-like endoplasmic reticulum kinase
UPR unfolded protein response
XBP-1 X-box binding protein-1

References
1. Morgan, C.J.A.; Curran, H.V.; Independent Scientific Committee on Drugs (ISCD). Ketamine use: A review. Addiction 2012, 107,

27–38. [CrossRef] [PubMed]
2. Lai, Y.; Wu, S.; Ni, L.; Chen, Z.; Li, X.; Yang, S.; Gui, Y.; Guan, Z.; Cai, Z.; Ye, J. Ketamine-Associated Urinary Tract Dysfunction:

An Underrecognized Clinical Entity. Urol. Int. 2012, 89, 93–96. [CrossRef] [PubMed]
3. Ng, J.; Lui, L.M.W.; Rosenblat, J.D.; Teopiz, K.M.; Lipsitz, O.; Cha, D.S.; Xiong, J.; Nasri, F.; Lee, Y.; Kratiuk, K.; et al. Ketamine-

induced urological toxicity: Potential mechanisms and translation for adults with mood disorders receiving ketamine treatment.
Psychopharmacology 2021, 238, 917–926. [CrossRef] [PubMed]

4. Shahani, R.; Streutker, C.; Dickson, B.; Stewart, R.J. Ketamine-Associated Ulcerative Cystitis: A New Clinical Entity. Urology 2007,
69, 810–812. [CrossRef]

5. Baker, S.C.; Stahlschmidt, J.; Oxley, J.; Hinley, J.; Eardley, I.; Marsh, F.; Gillatt, D.; Fulford, S.; Southgate, J. Nerve hyperplasia:
A unique feature of ketamine cystitis. Acta Neuropathol. Commun. 2013, 1, 64. [CrossRef]

6. Duan, Q.; Wu, T.; Yi, X.; Liu, L.; Yan, J.; Lu, Z. Changes to the bladder epithelial barrier are associated with ketamine-induced
cystitis. Exp. Ther. Med. 2017, 14, 2757–2762. [CrossRef]

7. Baker, S.C.; Shabir, S.; Georgopoulos, N.T.; Southgate, J. Ketamine-Induced Apoptosis in Normal Human Urothelial Cells:
A Direct, N-Methyl-d-Aspartate Receptor–Independent Pathway Characterized by Mitochondrial Stress. Am. J. Pathol. 2016, 186,
1267–1277. [CrossRef]

8. Shan, Z.; Wei, L.; Yu, S.; Jiang, S.; Ma, Y.; Zhang, C.; Wang, J.; Gao, Z.; Wan, F.; Zhuang, G.; et al. Ketamine induces reactive
oxygen species and enhances autophagy in SV-HUC-1 human uroepithelial cells. J. Cell Physiol. 2019, 234, 2778–2787. [CrossRef]

9. Liu, K.M.; Chuang, S.M.; Long, C.Y.; Lee, Y.L.; Wang, C.C.; Lu, M.C.; Lin, R.J.; Lu, J.H.; Jang, M.Y.; Wu, W.J.; et al. Ketamine-
induced ulcerative cystitis and bladder apoptosis involve oxidative stress mediated by mitochondria and the endoplasmic
reticulum. Am. J. Physiol. Ren. Physiol. 2015, 309, F318–F331. [CrossRef]

10. Yu, Y.; Wu, D.; Li, Y.; Qiao, H.; Shan, Z. Ketamine enhances autophagy and endoplasmic reticulum stress in rats and SV-HUC-1
cells via activating IRE1-TRAF2-ASK1-JNK pathway. Cell Cycle 2021, 20, 1907–1922. [CrossRef]

11. Chan, W.H.; Sun, W.Z.; Ueng, T.H. Induction of rat hepatic cytochrome P-450 by ketamine and its toxicological implications.
J. Toxicol. Environ. Health Part A 2005, 68, 1581–1597. [CrossRef] [PubMed]

12. Adamowicz, P.; Kala, M. Urinary excretion rates of ketamine and norketamine following therapeutic ketamine administration:
Method and detection window considerations. J. Anal. Toxicol. 2005, 29, 376–382. [CrossRef] [PubMed]

13. Moore, K.A.; Sklerov, J.; Levine, B.; Jacobs, A.J. Urine concentrations of ketamine and norketamine following illegal consumption.
J. Anal. Toxicol. 2001, 25, 583–588. [CrossRef] [PubMed]

14. Chang, T.; Lin, C.C.; Lin, A.T.L.; Fan, Y.H.; Chen, K.K. Ketamine-Induced Uropathy: A New Clinical Entity Causing Lower
Urinary Tract Symptoms. LUTS Low. Urin. Tract Symptoms 2012, 4, 19–24. [CrossRef] [PubMed]

15. Lee, C.L.; Jiang, Y.H.; Kuo, H.C. Increased apoptosis and suburothelial inflammation in patients with ketamine-related cystitis:
A comparison with non-ulcerative interstitial cystitis and controls. BJU Int. 2013, 112, 1156–1162. [CrossRef]

16. Krieger, C.; Duchen, M.R. Mitochondria, Ca2+ and neurodegenerative disease. Eur. J. Pharmacol. 2002, 447, 177–188. [CrossRef]
17. Kroemer, G.; Galluzzi, L.; Brenner, C. Mitochondrial Membrane Permeabilization in Cell Death. Physiol. Rev. 2007, 87, 99–163.

[CrossRef]
18. Wu, Y.; Chen, M.; Jiang, J. Mitochondrial dysfunction in neurodegenerative diseases and drug targets via apoptotic signaling.

Mitochondrion 2019, 49, 35–45. [CrossRef]
19. Zhou, R.; Yazdi, A.S.; Menu, P.; Tschopp, J. A role for mitochondria in NLRP3 inflammasome activation. Nature 2011, 469, 221–225.

[CrossRef]
20. Tang, X.; Luo, Y.X.; Chen, H.Z.; Liu, D.P. Mitochondria, endothelial cell function, and vascular diseases. Front. Physiol. 2014, 5,

175. [CrossRef]
21. Wu, P.; Shan, Z.; Wang, Q.; Huang, J.; Zheng, S.; Shan, Z. Involvement of Mitochondrial Pathway of Apoptosis in Urothelium in

Ketamine-Associated Urinary Dysfunction. Am. J. Med. Sci. 2015, 349, 344–351. [CrossRef] [PubMed]
22. Gorman, A.M.; Healy, S.J.; Jager, R.; Samali, A. Stress management at the ER: Regulators of ER stress-induced apoptosis. Pharmacol.

Ther. 2012, 134, 306–316. [CrossRef] [PubMed]
23. Rutkowski, D.T.; Kaufman, R.J. That which does not kill me makes me stronger: Adapting to chronic ER stress. Trends Biochem.

Sci. 2007, 32, 469–476. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1360-0443.2011.03576.x
http://www.ncbi.nlm.nih.gov/pubmed/21777321
http://doi.org/10.1159/000338098
http://www.ncbi.nlm.nih.gov/pubmed/22710265
http://doi.org/10.1007/s00213-021-05767-1
http://www.ncbi.nlm.nih.gov/pubmed/33484298
http://doi.org/10.1016/j.urology.2007.01.038
http://doi.org/10.1186/2051-5960-1-64
http://doi.org/10.3892/etm.2017.4913
http://doi.org/10.1016/j.ajpath.2015.12.014
http://doi.org/10.1002/jcp.27094
http://doi.org/10.1152/ajprenal.00607.2014
http://doi.org/10.1080/15384101.2021.1966199
http://doi.org/10.1080/15287390590967522
http://www.ncbi.nlm.nih.gov/pubmed/16076768
http://doi.org/10.1093/jat/29.5.376
http://www.ncbi.nlm.nih.gov/pubmed/16105264
http://doi.org/10.1093/jat/25.7.583
http://www.ncbi.nlm.nih.gov/pubmed/11599604
http://doi.org/10.1111/j.1757-5672.2011.00101.x
http://www.ncbi.nlm.nih.gov/pubmed/26676454
http://doi.org/10.1111/bju.12256
http://doi.org/10.1016/S0014-2999(02)01842-3
http://doi.org/10.1152/physrev.00013.2006
http://doi.org/10.1016/j.mito.2019.07.003
http://doi.org/10.1038/nature09663
http://doi.org/10.3389/fphys.2014.00175
http://doi.org/10.1097/MAJ.0000000000000431
http://www.ncbi.nlm.nih.gov/pubmed/25748203
http://doi.org/10.1016/j.pharmthera.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22387231
http://doi.org/10.1016/j.tibs.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17920280


Int. J. Mol. Sci. 2022, 23, 4666 21 of 23

24. Walter, P.; Ron, D. The Unfolded Protein Response: From Stress Pathway to Homeostatic Regulation. Science 2011, 334, 1081–1086.
[CrossRef] [PubMed]

25. Bertolotti, A.; Zhang, Y.; Hendershot, L.M.; Harding, H.P.; Ron, D. Dynamic interaction of BiP and ER stress transducers in the
unfolded-protein response. Nat. Cell Biol. 2000, 2, 326–332. [CrossRef] [PubMed]

26. Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep.
2006, 7, 880–885. [CrossRef]

27. Huang, C.C.; Yang, C.Y.; Su, C.C.; Fang, K.M.; Yen, C.C.; Lin, C.T.; Liu, J.M.; Lee, K.I.; Chen, Y.W.; Liu, S.H.; et al. 4-Methyl-2,4-
bis(4-hydroxyphenyl)pent-1-ene, a Major Active Metabolite of Bisphenol A, Triggers Pancreatic β-Cell Death via a JNK/AMPKα

Activation-Regulated Endoplasmic Reticulum Stress-Mediated Apoptotic Pathway. Int. J. Mol. Sci. 2021, 22, 4379. [CrossRef]
28. Chen, S.; Melchior, W.B.; Guo, L. Endoplasmic Reticulum Stress in Drug- and Environmental Toxicant-Induced Liver Toxicity.

J. Environ. Sci. Health Part C 2014, 32, 83–104. [CrossRef]
29. Chung, Y.P.; Yen, C.C.; Tang, F.C.; Lee, K.I.; Liu, S.H.; Wu, C.C.; Hsieh, S.S.; Su, C.C.; Kuo, C.Y.; Chen, Y.W. Methylmercury

exposure induces ROS/Akt inactivation-triggered endoplasmic reticulum stress-regulated neuronal cell apoptosis. Toxicology
2019, 425, 152245. [CrossRef]

30. Karna, K.K.; Shin, Y.S.; Choi, B.R.; Kim, H.K.; Park, J.K. The Role of Endoplasmic Reticulum Stress Response in Male Reproductive
Physiology and Pathology: A Review. World J. Men’s Health 2020, 38, 484–494. [CrossRef]

31. Mansouri, S.; Agartz, I.; Ögren, S.O.; Patrone, C.; Lundberg, M. PACAP Protects Adult Neural Stem Cells from the Neurotoxic
Effect of Ketamine Associated with Decreased Apoptosis, ER Stress and mTOR Pathway Activation. PLoS ONE 2017, 12, e0170496.
[CrossRef] [PubMed]

32. Cui, L.; Jiang, X.; Zhang, C.; Li, D.; Yu, S.; Wan, F.; Ma, Y.; Guo, W.; Shan, Z. Ketamine induces endoplasmic reticulum stress in
rats and SV-HUC-1 human uroepithelial cells by activating NLRP3/TXNIP aix. Biosci. Rep. 2019, 39, BSR20190595. [CrossRef]
[PubMed]

33. Cargnello, M.; Roux, P.P. Activation and Function of the MAPKs and Their Substrates, the MAPK-Activated Protein Kinases.
Microbiol. Mol. Biol. Rev. 2011, 75, 50–83. [CrossRef] [PubMed]

34. Yue, J.; López, J.M. Understanding MAPK Signaling Pathways in Apoptosis. Int. J. Mol. Sci. 2020, 21, 2346. [CrossRef] [PubMed]
35. Ham, J.; Lim, W.; You, S.; Song, G. Butylated hydroxyanisole induces testicular dysfunction in mouse testis cells by dysregulating

calcium homeostasis and stimulating endoplasmic reticulum stress. Sci. Total Environ. 2020, 702, 134775. [CrossRef] [PubMed]
36. Huang, C.C.; Kuo, C.Y.; Yang, C.Y.; Liu, J.M.; Hsu, R.J.; Lee, K.I.; Su, C.C.; Wu, C.C.; Lin, C.T.; Liu, S.H.; et al. Cadmium exposure

induces pancreatic β-cell death via a Ca2+-triggered JNK/CHOP-related apoptotic signaling pathway. Toxicology 2019, 425,
152252. [CrossRef] [PubMed]

37. Lawrence, M.C.; Jivan, A.; Shao, C.; Duan, L.; Goad, D.; Zaganjor, E.; Osborne, J.; McGlynn, K.; Stippec, S.; Earnest, S.; et al. The
roles of MAPKs in disease. Cell Res. 2008, 18, 436–442. [CrossRef]

38. Liu, L.; Chang, X.; Zhang, Y.; Wu, C.; Li, R.; Tang, L.; Zhou, Z. Fluorochloridone induces primary cultured Sertoli cells apoptosis:
Involvement of ROS and intracellular calcium ions-mediated ERK1/2 activation. Toxicol. In Vitro 2018, 47, 228–237. [CrossRef]

39. Liu, W.; Xu, C.; Ran, D.; Wang, Y.; Zhao, H.; Gu, J.; Liu, X.; Bian, J.; Yuan, Y.; Liu, Z. CaMKII mediates cadmium induced apoptosis
in rat primary osteoblasts through MAPK activation and endoplasmic reticulum stress. Toxicology 2018, 406-407, 70–80. [CrossRef]

40. Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell
Biol. 2003, 4, 517–529. [CrossRef]

41. Clapham, D.E. Calcium Signaling. Cell 2007, 131, 1047–1058. [CrossRef] [PubMed]
42. Bahar, E.; Kim, H.; Yoon, H.E.R. Stress-Mediated Signaling: Action Potential and Ca2+ as Key Players. Int. J. Mol. Sci. 2016, 17,

1558. [CrossRef] [PubMed]
43. Loncke, J.; Kaasik, A.; Bezprozvanny, I.; Parys, J.B.; Kerkhofs, M.; Bultynck, G. Balancing ER-Mitochondrial Ca2+ Fluxes in Health

and Disease. Trends Cell Biol. 2021, 31, 598–612. [CrossRef] [PubMed]
44. Pinton, P.; Giorgi, C.; Siviero, R.; Zecchini, E.; Rizzuto, R. Calcium and apoptosis: ER-mitochondria Ca2+ transfer in the control of

apoptosis. Oncogene 2008, 27, 6407–6418. [CrossRef]
45. Chen, Y.T.; Huang, K.H.; Chiang, J.Y.; Sung, P.H.; Huang, C.R.; Chu, Y.C.; Chuang, F.C.; Yip, H.K. Extracorporeal Shock Wave

Therapy Protected the Functional and Architectural Integrity of Rodent Urinary Bladder against Ketamine-Induced Damage.
Biomedicines 2021, 9, 1391. [CrossRef] [PubMed]

46. Lu, J.H.; Wu, Y.H.; Juan, T.J.; Lin, H.Y.; Lin, R.J.; Chueh, K.S.; Lee, Y.C.; Chang, C.Y.; Juan, Y.S. Autophagy Alters Bladder
Angiogenesis and Improves Bladder Hyperactivity in the Pathogenesis of Ketamine-Induced Cystitis in a Rat Model. Biology
2021, 10, 488. [CrossRef] [PubMed]

47. Zuo, D.; Sun, F.; Cui, J.; Liu, Y.; Liu, Z.; Zhou, X.; Li, Z.; Wu, Y. Alcohol amplifies ketamine-induced apoptosis in primary cultured
cortical neurons and PC12 cells through down-regulating CREB-related signaling pathways. Sci. Rep. 2017, 7, 10523. [CrossRef]

48. Liu, S.; Xu, G.; Huang, M.; Fu, L.; Jiang, X.; Yang, M. Bisphenol A and bisphenol AF co-exposure induces apoptosis in human
granulosa cell line KGN through intracellular stress-dependent mechanisms. Arab. J. Chem. 2021, 14, 103399. [CrossRef]

49. Domino, E.F. Taming the ketamine tiger. 1965. Anesthesiology 2010, 113, 678–684. [CrossRef]
50. Lankenau, S.E.; Clatts, M.C. Drug injection practices among high-risk youths: The first shot of ketamine. J. Urban Health 2004, 81,

232–248. [CrossRef]

http://doi.org/10.1126/science.1209038
http://www.ncbi.nlm.nih.gov/pubmed/22116877
http://doi.org/10.1038/35014014
http://www.ncbi.nlm.nih.gov/pubmed/10854322
http://doi.org/10.1038/sj.embor.7400779
http://doi.org/10.3390/ijms22094379
http://doi.org/10.1080/10590501.2014.881648
http://doi.org/10.1016/j.tox.2019.152245
http://doi.org/10.5534/wjmh.190038
http://doi.org/10.1371/journal.pone.0170496
http://www.ncbi.nlm.nih.gov/pubmed/28125634
http://doi.org/10.1042/BSR20190595
http://www.ncbi.nlm.nih.gov/pubmed/31652453
http://doi.org/10.1128/MMBR.00031-10
http://www.ncbi.nlm.nih.gov/pubmed/21372320
http://doi.org/10.3390/ijms21072346
http://www.ncbi.nlm.nih.gov/pubmed/32231094
http://doi.org/10.1016/j.scitotenv.2019.134775
http://www.ncbi.nlm.nih.gov/pubmed/31710847
http://doi.org/10.1016/j.tox.2019.152252
http://www.ncbi.nlm.nih.gov/pubmed/31348969
http://doi.org/10.1038/cr.2008.37
http://doi.org/10.1016/j.tiv.2017.12.006
http://doi.org/10.1016/j.tox.2018.06.002
http://doi.org/10.1038/nrm1155
http://doi.org/10.1016/j.cell.2007.11.028
http://www.ncbi.nlm.nih.gov/pubmed/18083096
http://doi.org/10.3390/ijms17091558
http://www.ncbi.nlm.nih.gov/pubmed/27649160
http://doi.org/10.1016/j.tcb.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33678551
http://doi.org/10.1038/onc.2008.308
http://doi.org/10.3390/biomedicines9101391
http://www.ncbi.nlm.nih.gov/pubmed/34680507
http://doi.org/10.3390/biology10060488
http://www.ncbi.nlm.nih.gov/pubmed/34070854
http://doi.org/10.1038/s41598-017-10868-z
http://doi.org/10.1016/j.arabjc.2021.103399
http://doi.org/10.1097/ALN.0b013e3181ed09a2
http://doi.org/10.1093/jurban/jth110


Int. J. Mol. Sci. 2022, 23, 4666 22 of 23

51. Jhang, J.F.; Hsu, Y.H.; Kuo, H.C. Possible pathophysiology of ketamine-related cystitis and associated treatment strategies. Int. J.
Urol. 2015, 22, 816–825. [CrossRef] [PubMed]

52. Chen, J.T.; Chen, R.M. Mechanisms of ketamine-involved regulation of cytochrome P450 gene expression. Expert Opin. Drug
Metab. Toxicol. 2010, 6, 273–281. [CrossRef] [PubMed]

53. Juan, Y.S.; Lee, Y.L.; Long, C.Y.; Wong, J.H.; Jang, M.Y.; Lu, J.H.; Wu, W.J.; Huang, Y.S.; Chang, W.C.; Chuang, S.M. Translocation
of NF-κB and Expression of Cyclooxygenase-2 Are Enhanced by Ketamine-Induced Ulcerative Cystitis in Rat Bladder. Am. J.
Pathol. 2015, 185, 2269–2285. [CrossRef]

54. Chipuk, J.E.; Bouchier-Hayes, L.; Green, D.R. Mitochondrial outer membrane permeabilization during apoptosis: The innocent
bystander scenario. Cell Death Differ. 2006, 13, 1396–1402. [CrossRef] [PubMed]

55. Pollack, M.; Leeuwenburgh, C. Apoptosis and Aging: Role of the Mitochondria. J. Gerontol. Ser. A 2001, 56, B475–B482. [CrossRef]
[PubMed]

56. Li, X.L.; Chen, T.; Wong, Y.S.; Xu, G.; Fan, R.R.; Zhao, H.L.; Chan, J.C.N. Involvement of mitochondrial dysfunction in human islet
amyloid polypeptide-induced apoptosis in INS-1E pancreatic beta cells: An effect attenuated by phycocyanin. Int. J. Biochem. Cell
Biol. 2011, 43, 525–534. [CrossRef] [PubMed]

57. Vela-Guajardo, J.E.; Garza-González, S.; García, N. Glucolipotoxicity-induced Oxidative Stress is Related to Mitochondrial
Dysfunction and Apoptosis of Pancreatic β-cell. Curr. Diabetes Rev. 2021, 17, 46–56. [CrossRef]

58. Yang, T.Y.; Yen, C.C.; Lee, K.I.; Su, C.C.; Yang, C.Y.; Wu, C.C.; Hsieh, S.S.; Ueng, K.C.; Huang, C.F. Molybdenum induces pancreatic
β-cell dysfunction and apoptosis via interdependent of JNK and AMPK activation-regulated mitochondria-dependent and ER
stress-triggered pathways. Toxicol. Appl. Pharmacol. 2016, 294, 54–64. [CrossRef]

59. Fu, S.C.; Liu, J.M.; Lee, K.I.; Tang, F.C.; Fang, K.M.; Yang, C.Y.; Su, C.C.; Chen, H.H.; Hsu, R.J.; Chen, Y.W. Cr(VI) induces
ROS-mediated mitochondrial-dependent apoptosis in neuronal cells via the activation of Akt/ERK/AMPK signaling pathway.
Toxicol. In Vitro 2020, 65, 104795. [CrossRef]

60. Lu, T.H.; Tseng, T.J.; Su, C.C.; Tang, F.C.; Yen, C.C.; Liu, Y.Y.; Yang, C.Y.; Wu, C.C.; Chen, K.L.; Hung, D.Z.; et al. Arsenic
induces reactive oxygen species-caused neuronal cell apoptosis through JNK/ERK-mediated mitochondria-dependent and GRP
78/CHOP-regulated pathways. Toxicol. Lett. 2014, 224, 130–140. [CrossRef]

61. Bai, X.; Yan, Y.; Canfield, S.; Muravyeva, M.Y.; Kikuchi, C.; Zaja, I.; Corbett, J.A.; Bosnjak, Z.J. Ketamine enhances human neural
stem cell proliferation and induces neuronal apoptosis via reactive oxygen species-mediated mitochondrial pathway. Anesth.
Analg. 2013, 116, 869–880. [CrossRef] [PubMed]

62. Lee, S.T.; Wu, T.T.; Yu, P.Y.; Chen, R.M. Apoptotic insults to human HepG2 cells induced by S-(+)-ketamine occurs through
activation of a Bax-mitochondria-caspase protease pathway. Br. J. Anaesth. 2009, 102, 80–89. [CrossRef] [PubMed]

63. Wang, M.; Kaufman, R.J. Protein misfolding in the endoplasmic reticulum as a conduit to human disease. Nature 2016, 529,
326–335. [CrossRef] [PubMed]

64. Huang, C.F.; Liu, S.H.; Su, C.C.; Fang, K.M.; Yen, C.C.; Yang, C.Y.; Tang, F.C.; Liu, J.M.; Wu, C.C.; Lee, K.I.; et al. Roles of
ERK/Akt signals in mitochondria-dependent and endoplasmic reticulum stress-triggered neuronal cell apoptosis induced by
4-methyl-2,4-bis(4-hydroxyphenyl)pent-1-ene, a major active metabolite of bisphenol A. Toxicology 2021, 455, 152764. [CrossRef]
[PubMed]

65. Balmanno, K.; Cook, S.J. Tumour cell survival signalling by the ERK1/2 pathway. Cell Death Differ. 2009, 16, 368–377. [CrossRef]
66. Eblen, S.T. Extracellular-Regulated Kinases: Signaling From Ras to ERK Substrates to Control Biological Outcomes. Adv. Cancer

Res. 2018, 138, 99–142. [CrossRef]
67. Cook, S.J.; Stuart, K.; Gilley, R.; Sale, M.J. Control of cell death and mitochondrial fission by ERK1/2 MAP kinase signalling. FEBS

J. 2017, 284, 4177–4195. [CrossRef]
68. Guo, Y.J.; Pan, W.W.; Liu, S.B.; Shen, Z.F.; Xu, Y.; Hu, L.L. ERK/MAPK signalling pathway and tumorigenesis (Review). Exp. Med.

2020, 19, 1997–2007. [CrossRef]
69. Du, Y.; Du, L.; Cao, J.; Hölscher, C.; Feng, Y.; Su, H.; Wang, Y.; Yun, K.M. Levo-tetrahydropalmatine inhibits the acquisition of

ketamine-induced conditioned place preference by regulating the expression of ERK and CREB phosphorylation in rats. Behav.
Brain Res. 2017, 317, 367–373. [CrossRef]

70. Huang, M.; Li, X.; Jia, S.; Liu, S.; Fu, L.; Jiang, X.; Yang, M. Bisphenol AF induces apoptosis via estrogen receptor beta (ERβ) and
ROS-ASK1-JNK MAPK pathway in human granulosa cell line KGN. Environ. Pollut. 2021, 270, 116051. [CrossRef]

71. Liu, W.; Yang, T.; Xu, Z.; Xu, B.; Deng, Y. Methyl-mercury induces apoptosis through ROS-mediated endoplasmic reticulum stress
and mitochondrial apoptosis pathways activation in rat cortical neurons. Free Radic. Res. 2019, 53, 26–44. [CrossRef] [PubMed]

72. Bustamante, J.; Acosta, L.; Karadayian, A.G.; Lores-Arnaiz, S. Ketamine induced cell death can be mediated by voltage dependent
calcium channels in PC12 cells. Exp. Mol. Pathol. 2019, 111, 104318. [CrossRef] [PubMed]

73. Miyata, Y.; Matsuo, T.; Mitsunari, K.; Asai, A.; Ohba, K.; Sakai, H. A Review of Oxidative Stress and Urinary Dysfunction Caused
by Bladder Outlet Obstruction and Treatments Using Antioxidants. Antioxidants 2019, 8, 132. [CrossRef] [PubMed]

74. Xi, X.J.; Zeng, J.J.; Lu, Y.; Chen, S.H.; Jiang, Z.W.; He, P.J.; Mi, H. Extracellular vesicles enhance oxidative stress through P38/NF-kB
pathway in ketamine-induced ulcerative cystitis. J. Cell. Mol. Med. 2020, 24, 7609–7624. [CrossRef] [PubMed]

75. Sykiotis, G.P.; Habeos, I.G.; Samuelson, A.V.; Bohmann, D. The role of the antioxidant and longevity-promoting Nrf2 pathway in
metabolic regulation. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 41. [CrossRef] [PubMed]

http://doi.org/10.1111/iju.12841
http://www.ncbi.nlm.nih.gov/pubmed/26087832
http://doi.org/10.1517/17425250903505108
http://www.ncbi.nlm.nih.gov/pubmed/20163319
http://doi.org/10.1016/j.ajpath.2015.04.020
http://doi.org/10.1038/sj.cdd.4401963
http://www.ncbi.nlm.nih.gov/pubmed/16710362
http://doi.org/10.1093/gerona/56.11.B475
http://www.ncbi.nlm.nih.gov/pubmed/11682568
http://doi.org/10.1016/j.biocel.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21163363
http://doi.org/10.2174/1573399816666201103142102
http://doi.org/10.1016/j.taap.2016.01.013
http://doi.org/10.1016/j.tiv.2020.104795
http://doi.org/10.1016/j.toxlet.2013.10.013
http://doi.org/10.1213/ANE.0b013e3182860fc9
http://www.ncbi.nlm.nih.gov/pubmed/23460563
http://doi.org/10.1093/bja/aen322
http://www.ncbi.nlm.nih.gov/pubmed/19001360
http://doi.org/10.1038/nature17041
http://www.ncbi.nlm.nih.gov/pubmed/26791723
http://doi.org/10.1016/j.tox.2021.152764
http://www.ncbi.nlm.nih.gov/pubmed/33771661
http://doi.org/10.1038/cdd.2008.148
http://doi.org/10.1016/bs.acr.2018.02.004
http://doi.org/10.1111/febs.14122
http://doi.org/10.3892/etm.2020.8454
http://doi.org/10.1016/j.bbr.2016.10.001
http://doi.org/10.1016/j.envpol.2020.116051
http://doi.org/10.1080/10715762.2018.1546852
http://www.ncbi.nlm.nih.gov/pubmed/30513015
http://doi.org/10.1016/j.yexmp.2019.104318
http://www.ncbi.nlm.nih.gov/pubmed/31614130
http://doi.org/10.3390/antiox8050132
http://www.ncbi.nlm.nih.gov/pubmed/31096597
http://doi.org/10.1111/jcmm.15397
http://www.ncbi.nlm.nih.gov/pubmed/32441055
http://doi.org/10.1097/MCO.0b013e32834136f2
http://www.ncbi.nlm.nih.gov/pubmed/21102319


Int. J. Mol. Sci. 2022, 23, 4666 23 of 23

76. Hayes, J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 39, 199–218. [CrossRef]

77. Li, W.; Kong, A.N. Molecular mechanisms of Nrf2-mediated antioxidant response. Mol. Carcinog. Publ. Coop. Univ. Tex. MD
Anderson Cancer Cent. 2009, 48, 91–104. [CrossRef]

78. Tripathi, D.N.; Jena, G.B. Effect of melatonin on the expression of Nrf2 and NF-κB during cyclophosphamide-induced urinary
bladder injury in rat. J. Pineal Res. 2010, 48, 324–331. [CrossRef]

79. Wang, X.J.; Sun, Z.; Chen, W.; Eblin, K.E.; Gandolfi, J.A.; Zhang, D.D. Nrf2 protects human bladder urothelial cells from arsenite
and monomethylarsonous acid toxicity. Toxicol. Appl. Pharmacol. 2007, 225, 206–213. [CrossRef]

80. Bellezza, I.; Giambanco, I.; Minelli, A.; Donato, R. Nrf2-Keap1 signaling in oxidative and reductive stress. Biochim. Biophys. Acta
(BBA)-Mol. Cell Res. 2018, 1865, 721–733. [CrossRef]

81. Kensler, T.W.; Wakabayashi, N.; Biswal, S. Cell survival responses to environmental stresses via the Keap1-Nrf2-ARE pathway.
Annu. Rev. Pharmacol. Toxicol. 2007, 47, 89–116. [CrossRef] [PubMed]

82. Sun, G.; Zhao, Z.; Lang, J.; Sun, B.; Zhao, Q. Nrf2 loss of function exacerbates endoplasmic reticulum stress-induced apoptosis in
TBI mice. Neurosci. Lett. 2022, 770, 136400. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tibs.2014.02.002
http://doi.org/10.1002/mc.20465
http://doi.org/10.1111/j.1600-079X.2010.00756.x
http://doi.org/10.1016/j.taap.2007.07.016
http://doi.org/10.1016/j.bbamcr.2018.02.010
http://doi.org/10.1146/annurev.pharmtox.46.120604.141046
http://www.ncbi.nlm.nih.gov/pubmed/16968214
http://doi.org/10.1016/j.neulet.2021.136400
http://www.ncbi.nlm.nih.gov/pubmed/34923041

	Introduction 
	Results 
	Effects of Ketamine and Its Metabolite Norketamine (NK) on Cell Viability and Apoptosis in RT4 Cells 
	Norketamine (NK)-Induced Apoptosis Is Mediated by a Mitochondria-Dependent Pathway in RT4 Cells 
	Norketamine (NK) Induces the ER Stress Response in RT4 Cells 
	ERK1/2 Signaling Pathway Plays an Important Role in Norketamine (NK)-Induced RT4Cell Apoptosis 
	The Role of [Ca2+]i Signaling in Norketamine (NK)-Induced RT4 Cell Apoptosis 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Viability Assay 
	Determination of Caspase-3 Activity 
	Detection of Mitochondrial Membrane Potential (MMP) 
	Western Blot Analysis 
	Measurement of Intracellular Calcium Levels 
	Statistical Analysis 

	Conclusions 
	References

