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Abstract: Proximal tubular (PT) acidosis, which alkalinizes the urinary filtrate, together with Ca2+

supersaturation in PT can induce luminal calcium phosphate (CaP) crystal formation. While such
CaP crystals are known to act as a nidus for CaP/calcium oxalate (CaOx) mixed stone formation,
the regulation of PT luminal Ca2+ concentration ([Ca2+]) under elevated pH and/or high [Ca2+]
conditions are unknown. Since we found that transient receptor potential canonical 3 (TRPC3)
knockout (KO; -/-) mice could produce mild hypercalciuria with CaP urine crystals, we alkalinized
the tubular pH in TRPC3-/- mice by oral acetazolamide (0.08%) to develop mixed urinary crystals
akin to clinical signs of calcium nephrolithiasis (CaNL). Our ratiometric (λ340/380) intracellular
[Ca2+] measurements reveal that such alkalization not only upsurges Ca2+ influx into PT cells, but the
mode of Ca2+ entry switches from receptor-operated to store-operated pathway. Electrophysiological
experiments show enhanced bicarbonate related current activity in treated PT cells which may
determine the stone-forming phenotypes (CaP or CaP/CaOx). Moreover, such alkalization promotes
reactive oxygen species generation, and upregulation of calcification, inflammation, fibrosis, and
apoptosis in PT cells, which were exacerbated in absence of TRPC3. Altogether, the pH-induced
alteration of the Ca2+ signaling signature in PT cells from TRPC3 ablated mice exacerbated the
pathophysiology of mixed urinary stone formation, which may aid in uncovering the downstream
mechanism of CaNL.

Keywords: acetazolamide; renal tubular pH; proximal tubule; Ca2+ signaling; oxidative stress;
inflammation; fibrosis; apoptosis; calcium nephrolithiasis; urinary stones

1. Introduction

Renal tubular acidosis (RTA) is characterized by defective renal acid-base regulation
due to an inability to excrete hydrogen ions (H+) [1]. While distal tubular RTA is associated
with reduced urinary acid secretion, proximal tubular (PT) RTA results due to impaired
bicarbonate (HCO3

−) reabsorption, ensuing in the decline of serum HCO3
− and alkaline

pH at the tubular lumen [2]. Such condition in PT can evoke calcium phosphate (CaP)
crystallization, because, in addition to increasing extracellular Ca2+ concentration ([Ca2+]o),
the ambient pH has a profound effect on the supersaturation of Ca2+, and the crystallization
of CaP is strongly favored by a pH of 6.5 or greater [3]. The solubility of CaP crystals
is also pH-dependent and is greatly increased at acidic pH (<pH 6.2). In hypercalciuric
patients with calcium stones, an incomplete renal PT acidosis has been characterized by
abnormal bicarbonaturia [4]. Especially if other risk factors such as hypercalciuria are
present, the transient bicarbonaturia in these patients promotes favorable conditions to form
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CaP crystals, possibly at the tip of the loop of Henle (LOH), where luminal pH normally
increases to 7.3 [5]. The presentation of relatively high urine pH and low urine citrate with a
normal serum HCO3

− concentration in the patient are quite typical of CaP stone formers [6].
Moreover, a higher urine pH distinguishes CaP stone formers from calcium oxalate (CaOx)
ones, whereby CaP stone-formation could be recurrent [7]. Thus, the interplay between PT
Ca2+ regulation and the rise in PT luminal pH could be fundamental to the downstream
mechanism and the regulation of CaP or CaP+CaOx mixed stone formation.

Notably, patients with RTA, as well as those who are being treated with acetazolamide
(Acz), a diuretic, commonly prescribed for epilepsy, heart failure, and glaucoma, show an
increased risk of CaP stone formation [8,9]. Acz’s mechanism of action to block carbonic
anhydrase (CA) II can subsequently produce similar physiological symptoms to proximal
RTA. CAII, which is primarily localized in the PT cells, catalyzes the interconversion
of CO2 and H2O to HCO3

− [10]. Inhibition of CAII suppresses H+ excretion from PT
cells, leading to alkaline urine and subsequent systemic acidosis [11]. Furthermore, such
reduced H+ excretion further decreases the action of an apical Na+/H+ exchanger, resulting
in higher Na+ excretion, which draws water into the luminal space via osmosis and
creates the diuretic effect exhibited by Acz [12]. Consequently, Acz can promote kidney
stone formation by increasing the supersaturation of Ca2+ in a similar manner to RTA [9].
In patients, who present with consistently alkaline urine, as when afflicted with RTA
or upon treatment with Acz, minimal CaP dissolution occurs, and its supersaturation
increases rapidly at pH 6 to 7 [13]. Additionally, metabolic acidosis induced by Acz can
activate osteoclasts as well as inhibit renal tubular Ca2+ reabsorption leading to excess Ca2+

excretion [14]. Importantly, Acz can also cause hypocitrauria, even further exacerbating the
formation of calcium stones, since citrate is a Ca2+ chelator which reduces free Ca2+ in the
tubular filtrate [15,16]. However, the molecular mechanism of tubular alkalization-induced
stone-forming pathophysiology is not clear.

Predisposing factors caused by metabolic abnormality could also significantly increase
the risk of calcium stone formation, such as idiopathic hypercalciuria which is present in
most calcium stone formers [8,17]. Recently, we found that transient receptor potential
channel 3 (TRPC3) channel knockout (KO; -/-) mice exhibited elevated urinary Ca2+, and
CaP calcinosis at the LOH region [18]. TRPC3 is also localized further downstream in
distal tubular cells, but our evidence, which depicts the presence of CaP crystals at the
LOH in TRPC3 KO mice, reasonably indicates the strong influence of TRPC3 mediated PT
Ca2+ transport in such process [18]. We proposed that the deficiency in PT Ca2+ transport
in TRPC3 KO mice can be linked to tubular Ca2+ supersaturation when compared to
the wild type (WT) counterpart. However, our previous findings have not shown the
human-like condition found among the calcium stone formers, which may require the
rise in pH within the PT luminal fluid [18]. Such initial CaP (apatite) crystallization
could be the root cause of CaP+CaOx mixed stone formation downstream in the distal
part of the nephron [8], which may have promoted heterogeneous nucleation further
downstream in the papillary region [19]. Therefore, to understand the mechanism of mixed
stone-formation, we escalated the filtrate pH by oral Acz treatment in our moderately
hypercalciuric (TRPC3-/-) mice to create a human-like stone-forming pathophysiology
in vivo to understand the underlying mechanism of CaNL.

2. Results

2.1. Urine Alkalization in Mice Increases Ca2+ Entry in PT Cells

To understand the Ca2+ signaling profile in PT cells during Acz-induced alkalization,
we measured Ca2+ transients while activating calcium sensing receptor (CaSR) in PT
cells from WT, Acz treated WT (WTT), TRPC3 KO and Acz treated TRPC3 KO (KOT)
mice by allosteric activation of CaSR by L-Phenylalanine (L-Phe) application (Figure 1a).
In WT PT cells, stimulation of CaSR by L-Phe in presence of nominal [Ca2+]o elicited
a small release followed by a rapid rise in [Ca2+]i due to Ca2+ entry upon addition of
excess [Ca2+]o, which was then steadily declined (Figure 1a,d). Such activation in WTT
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PT cells produced a relatively large Ca2+ release and Ca2+ entry compare to WT, however
the decline in Ca2+ entry was sluggish (Figure 1a,d), perhaps due to greater activation
of CaSR by higher luminal pH. As expected, in KO cells, Ca2+ entry was significantly
reduced due to the absence of TRPC3 (Figure 1a), whereas, much larger responses were
found in KOT compared to the KO, and were much sustained compared to the WTT
group (Figure 1a), possibly by a non-TRPC pathway. Interestingly, Ca2+ release after Acz
treatment revealed diametrically opposing effects depending on the presence or absence
of TRPC3 (Figure 1a,d), which can be explained by the fact that, in the absence of TRPC3,
[Ca2+]i may be accumulated in KOT PT cells, compared to the WTT counterpart.
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Figure 1. Higher luminal pH in TRPC KO PT cells enhances Ca2+ entry. [Ca2+]i measurements were performed on Fura-2
loaded (a) control PT cells and (b,c) PT cells with NPS-2143 (NPS; 1 µM), Pyr3 (3 µM), SKF-96365 (SKF; 10 µM) or 2-APB (12
µM) inhibitors from WT, Acz-treated WT (WTT), TRPC3-/- (KO), or Acz-treated KO (KOT) mice. Prior to experiments, PT
cells were placed in 0.5 mM Ca2+ bath and L-Phenylalanine (L-Phe; 10 mM) was applied. Subsequently, 2 mM Ca2+ was
applied to replenish [Ca2+]o. Fura-2 trace measurements were plotted for (ai) WT, (aii) WTT, (aiii) KO, and (aiv) KOT; WTT
PT cells with (bi) NPS, (bii) Pyr3, (biii) SKF, and (biv) 2-APB inhibitors; and KOT PT cells with (ci) NPS, (cii) SKF, and (ciii)
2-APB inhibitors. (di,dii) Peak Ca2+ entry and Ca2+ release were quantified with representative bar diagrams in means ±
SEM, respectively. Each experiment was performed four times. **, p < 0.01.
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To delineate the Ca2+ entry pathway in both WTT and KOT PT cells, we tested several
inhibitors: NPS-2143 (for CaSR), Pyr3 (for TRPC3), SKF-96365 (for TRP channel), and
2-Aminoethoxydiphenyl borate (2-APB; for inositol triphosphate (IP3) receptor) [20–23].
In the presence of NPS-2143, Ca2+ release in both WTT and KOT PT cells was completely
inhibited (Figure 1b,d), while the Ca2+ entry of KOT cells was completely inhibited, unlike
that of the WTT cells. In turn, application of Pyr3 on WTT cells had a similar inhibitory
effect on Ca2+ release and Ca2+ entry (Figure 1b,d), confirming the involvement of TRPC3
in both Ca2+ entry and release. Inhibition by SKF-96365 was prominent in both WTT
and KOT after L-Phe induction for Ca2+ release and Ca2+ entry (Figure 1b,d). It is worth
noting that SKF-96365 is also known to inhibit the SOCE pathway, which can attribute to
possible indirect effects [24]. Interestingly, IP3 receptor inhibition by 2-APB has considerably
decreased both Ca2+ release and entry in WTT and KOT cells (Figure 1b,d).

2.2. Mode of Ca2+ Entry Switches the from Receptor-Operated Ca2+ Entry (ROCE) to
Store-Operated Ca2+ Entry (SOCE) in PT Cells Following Urine Alkalization

CaSR activation can trigger both ROCE and SOCE pathways in PT cells [18], thus, we
also exposed the WT and WTT PT cells with Pyr6, an SOCE blocker, or Pyr10, an ROCE
blocker to delineate the exact contribution of those Ca2+ signaling pathways in triggering
[Ca2+]i entry in PT cells during induced alkalization [25]. Notably, Ca2+ release upon
activating the CaSR has corresponded with the Ca2+ release pathway in PT cells [18], which
is indicative of SOCE pathway activation (Figure 2a). We found that Ca2+ release among
WTT cells did not change in presence of Pyr6 or Pyr10 compared to the control (Figure 2a).
When comparing Ca2+ entry inhibitions by Pyr6 or Pyr10 in WTT cells, Pyr10 has inhibited
most of the Ca2+ entry compared to Pyr6 (Figure 2a). Evidently, Pyr6 and Pyr10 both sig-
nificantly reduced the Ca2+ entry compared to the control (Figure 2a). Moreover, activating
CaSR in KOT cells exhibited a slightly decreased Ca2+ entry compared to that of the WTT
(Figure 2a,b). Interestingly, when we compared the Ca2+ entries of KOT cells in presence
of Pyr6 or Pyr10, the former has blocked approximately two-thirds of the entry, which
was greater than one-third of the entry blocked by the latter, which demonstrated that
the primary Ca2+ entry pathway in absence of TRPC3 upon Acz treatment is mediated by
SOCE (Figure 2b). Since the TRPC3 channel is not expressed in these KOT cells, some other
pathway involving IP3 may be involved.

To confirm our findings, we performed electrophysiological experiments by whole-cell
patch clamp recordings on PT cells from WTT and KOT mice (Figure 2c–e). Application of
L-Phe has elicited a TRPC-like current activation in both WTT and KOT cells (Figure 2c,d).
Such a current in WTT PT cells was almost completely blocked by Pyr10, whereas the
SOCE blocker, Pyr6, did not reduce it, indicating that similar to WT PT cells, ROCE remains
the major pathway in WTT PT cells (Figure 2c,e). In contrast, in KOT PT cells, Pyr10
application did not block any CaSR-induced current activation, and Pyr6 inhibited most
of the activated current (Figure 2d,e), suggesting that in absence of TRPC3 when PT cells
exposure to alkaline condition, the mode of Ca2+ entry has been reversed through the
activation of SOCE pathway.
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Figure 2. Ca2+ entry pathway in PT cells is contingent upon presence of TRPC3 in higher PT luminal pH conditions.
Ratiometric [Ca2+]i measurements were performed and plotted on Fura-2 loaded PT cells from Acz treated mice (a) WT
(WTT) and (b) KO (KOT) PT cells with no inhibitors (WTT Control or KOT Control), Pyr6 (3 µM), or Pyr10 (3 µM). Prior to
experiments, PT cells were placed in a 0.5 mM Ca2+ bath and L-Phenylalanine (L-Phe; 10 mM) was applied. Subsequently, 2
mM Ca2+ was applied to replenish [Ca2+]o. (aii,bii) Peak Ca2+ release, (aiii,biii) Peak Ca2+ entry, and (aiv) Percent Ca2+

decline from entry were quantified into bar diagrams in means ± SEM. (c,d) Single cell patch clamp voltage sweeps from
−100 to +100 mV were performed on WTT or KOT PT cell. L-Phe (10 mM) was applied to induce current and (ci,cii,di,dii)
Pyr6 (3 µM) or (ciii,civ,diii,div) Pyr10 (3 µM) was applied as a current blocker. (cii,civ,dii,div,e) Average current density at
+100 mV and L-Phe activated current inhibition percentage were quantitated into means ± SEM, respectively. Experiments
were performed four times. *, p < 0.05; **, p < 0.01.
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2.3. Urine Alkalization Enhances HCO3
− Related Current Activity in PT Cells

Sodium-bicarbonate exchanger (NBCe1) in PT cells plays a prominent role in the
regulation of intracellular HCO3

−, which is critical to the regulation of PT luminal pH [26].
Thus, we looked at the expression of NBCe1 in those PT cells from treated (WTT and
KOT) and untreated (WT and KO) mice and found an increase in mRNA (Figure 3a) and
protein (Figure 3b) expression patterns for both WTT and KOT groups, suggesting the
functional compensation due to renal acidosis caused by the Acz treatment (Figure 3a,b).
Next, we performed electrophysiological experiments on WTT and KOT PT cells, using
HCO3

− as the agonist and S0859, an inhibitor of NBCe1, to assess the alkalization-induced
modulation of NBCe-1 currents in PT cells [27]. After establishing the basal current, we
applied 0.3 mM HCO3

− to the PT cells, which induced the current and was subsequently
blocked by S0859 (Figure 3c).
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Figure 3. NBCe1 expression and function are enhanced in TRPC3 KO PT cells in higher luminal pH conditions. (a) mRNA
and (b) protein expressions of NBCe1 in PT cells from WT, Acz-treated WT (WTT), TRPC3 KO (KO) and Acz treated
TRPC3 KO (KOT) mice were quantitated into bar diagrams. (c,d) Whole cell patch clamp voltage sweeps from −100 to
+100 mV were quantitated into I-V curves and average current density at +100 mV was calculated. Bicarbonate (0.3 mM)
was applied to induce current density and S0859 (50 µM) was applied as a current blocker. (a,b,ci,cii,di,dii) NBCe1 gene
and protein expression, and average current density at +100 mV were quantitated into means ± SEM, respectively. (e)
Percentage current density activation (bicarbonate) and inhibition (S0859), respectively, were quantitated into means ±
SEM. Experiments were performed four times. *, p < 0.05. Gene and protein expressions are normalized to GAPDH and
β-actin respectively.

Notably, the I-V curve displayed a slight inwardly rectified current (Figure 3c), simi-
larly to the Ca2+ release activated channel (CRAC) current, which may be implicated by
the Acz treatment in presence of TRPC3. However, in the case of the KOT cells, the current
resembles less of a CRAC current and more of an outwardly rectifying current (Figure 3d).
Interestingly, while comparing both PT cell groups (WTT vs. KOT), the current activation
by HCO3

−, was significant in both cases, and appeared more prominent for the KOT cells
than the WTT cells (Figure 3e). Since most of the HCO3

− handling involves NBCe1 in PT
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cells [26], S0859 inhibition confirms this activity (Figure 3c,d). As a result, although in WTT
cells most of the current has been inhibited, almost all the current activated by HCO3

− has
been blocked by S0859 in the case of KOT cells (Figure 3c,d). Overall, these results suggest
that KOT cells exhibit higher NBCe-1 activity than that of the WTT cells.

2.4. Acz-Induced Alkaluria Determines the Type (CaP or CaP+CaOx) of Calcium Stone

Since TRPC3 KO mice are moderately hypercalciuric [18], we treated them with Acz
to induce in vivo CaP stone formation. To examine how the treatment can influence the
regulation of clinically relevant urine electrolytes, we performed ionic measurements of
24 h mice urine. Our data show that urinary levels of Ca2+, Na+, K+, PO4

3−, and Cl−

showed a progressive increase in excretion in the KOT group compared to the WTT by
Day 28 (Figure 4a–f), except for K+ which showed a slight reduction in excretion levels
in those treatment groups (Figure 4c). Serum pH of WTT and KOT mice revealed lower
serum pH levels compared to the WT and KO groups (Figure S1a). Serum electrolyte levels
for Ca2+, Na+ and Cl− (Figure S1b,d,e) were relatively similar among all groups while
serum K+ and PO4

3− levels consequently increased in both the WTT and KOT groups
(Figure S1c,f). Urine and serum creatinine levels did not change throughout most of the
treatment, ruling out changes in clearance rate (Figure S1g,h). Overall, these results lend
support for the increase in CaP and the resulting mixed crystal formation (Figure 4g,h),
which is particularly visible in KOT mice. Most notably, by the end of the treatment, more
CaP crystal formation was observed in KOT mice compared to the WTT group, because
more CaP may have been formed in absence of TRPC3 (Figure 4i). While the urine volumes
due to diuretic effect of Acz during the treatment period in both WTT and KOT were visible
(Figure S1i) and its alkaline effect dictated the stone phenotype (CaP/CaP+CaOx). Serum
PTH (Figure S1j) and dietary intake did not change among all groups (Figure S1k). Notably,
the expressions of transepithelial markers SLC26a, NaPiiIIa and PMCA1 were similar in
all groups tested, except NCX1 showing increased expression in the KO and KOT groups
(Figure S2).

2.5. Alkalization-Induced Calcification Was Upregulated in Absence of TRPC3

Analyses of crystal formation revealed that following alkaluria induced by Acz treat-
ment, significant crystal formation occurred in both WTT and KOT mice. We therefore
determined the degree of calcification in vivo in kidneys of our treated groups (WTT and
KOT). Von Kossa staining results of kidney sagittal sections revealed that KOT groups
showed more calcification than in WTT groups (Figure 5a,b) while CaP (Figure 5c) and
CaP+CaOx (Figure 5d) crystals in the kidney, predominantly located in the LOH and
calyx regions, were increased particularly in the KOT group following Alizarin Red (AR)
pH 4.3 or 6.8 staining respectively. We further corroborated our findings through gene
expression analysis of calcification genes and protein analysis in PT cells of our treated
mice (WTT and KOT) by comparatively analyzing our results with control groups (WT
and KO). Our results show that analysis of gene and protein expression of Osteocalcin 2
(OCL2), Osteopontin 4 (OPN-4), and Runt-related transcription factor 2 (RUNX2) were
significantly higher in both the WTT and KOT groups when compared to WT and KO
groups (Figure 5e–g). Similarly, in the expression of profiles of bone morphogenic protein
(BMP), BMP-2 showed a similar expression (Figure 5h) while BMP-6 showed no difference
between the treated and control groups (Figure 5i). From our results, we show that PT
calcification is more pronounced under conditions of higher luminal pH, particularly when
coupled with the absence of TRPC3.
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Figure 4. Higher luminal pH induced by Acz treatment induces CaP crystals formation. Representative line graphs of (a)
Urine pH, urine electrolyte excretion levels (b) Ca2+, (c) K+, (d) Na+, (e) Cl− and (f) PO4

3−, collected on day 0, 7, 14, 21 and
28 of the treatment periods immediately after 24 h urine collection. (a,b) and (d–f) Urinary pH, Ca2+, Na+, Cl− and PO4

3−

clearance progressively increased throughout the treatment period, particularly for the KOT group. (c) Urine K+ on the
other hand showed a reduction in clearance for both the untreated and treated groups throughout the treatment period. All
urine measurements were normalized by creatinine. (gi) Alizarin Red (AR) pH 4.3 (stains CaP crystals) and (hi) pH 6.8
(stains both CaOx and CaP+CaOx crystals) to differentially visualize calcium crystals present in the urine. Black arrows
show urine crystals (CaP and CaP+CaOx). (gii,hii) representative line graphs for both WTT and KOT groups showing
progressive increase in CaP and CaP+CaOx urine crystals respectively following Acz treatment. (i) CaP to CaP/CaOx index
ratios throughout Acz treatment period which compared WTT and KOT mice groups were quantitated into means ± SEM.
Experiments performed n = 4 times.
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Figure 5. Histological and molecular characterization of kidney calcification and stone formation following Acz treatment.
Evidence of kidney calcification and stone formation by examining kidney tissues and its underlying molecular analysis
through gene/protein expression of calcification markers. (a,b) Representative Von Kossa staining (for CaP) of whole kidney
sections of WTT and KOT showing calcified regions of the kidney indicated by blue arrows. (c) Alizarin Red (AR) staining
of whole WTT and KOT kidney sagittal sections of AR pH 4.3 staining shows CaP stones present in the LOH region of
whole kidney while (d) AR pH 6.8 shows CaP+CaOx (mixed) stones in the calyx region of WTT and KOT whole kidney.
Gene/Protein expression analysis providing evidence PT cell calcification in treated mice are shown by expression profiles
of known calcification markers; (ei,eii) OCL, (fi,fii) OPN, (gi,gii) RUNX2 and (hi,hii) BMP2, which are significantly higher
for the treated groups especially for KOT compared to the controls (WT and KO), except for (ii,iii) BMP6 which did not
show any significant difference between the treated and untreated groups. (e–i) Bar graphs quantifications are means ±
SEM, (n = 3); **, p < 0.01. All gene and protein expressions are normalized to GAPDH and β-actin respectively.



Int. J. Mol. Sci. 2021, 22, 3050 10 of 21

2.6. Alkalization Induced by Acz Results in Inflammatory and Fibrotic Responses in PT Cells

To understand the crosstalk between RTA and inflammation, we examined inflamma-
tory signatures during elevated tubular pH in our TRPC3 KO mice model [28,29]. While
inflammatory signals have been shown in PT cells following renal injury, we also used
our alkalization model to examine the interaction between inflammation and PT cell fi-
brosis in the progression of renal damage by examining fibrotic markers in PT cells. H&E
stained WTT and KOT kidneys displayed areas of inflammation (Figure 6a). However,
Masson’s staining indicated some areas of fibrosis (Figure 6b) in kidneys of WTT while
more inflammation and fibrosis were observed particularly in the KOT groups (Figure 6a,c).
Furthermore, our gene expression analysis revealed genetic expression levels for inflamma-
tion markers such as NFkβ, MCP1, NLRP3 and Interleukins (IL): IL-1β, IL-6, in untreated
(WT/WTT) and treated Acz-treated (KO/KOT) PT cells (Figure 6d–h). Our results showed
that the treated groups revealed a significant upregulation of inflammatory markers espe-
cially in the KOT PT cells. Furthermore, studies have shown that NLRP3 activation has been
implicated in an inflammasome complex which involves triggering the NF-κB pathway
with release of IL-1β all of which may play a significant role in CaNL and eventually in the
development of chronic kidney disease [28]. Since we observed the overall upregulation of
inflammatory condition following Acz treatment, we were interested to examine the SMa,
TGFβ1, and FN-1, as fibrotic marker gene expression (Figure 6i–k) [30–32], to understand
the pathophysiology and progression of PT cell injury. While TGFβ1 and FN-1 expressions
showed only slight increase in the KOT groups (Figure 6j,k), SMa expression was enhanced
in KOT group compared to all others (Figure 6i). Overall, such prominent effect in KOT
group suggest that TRPC3 may have a protective role in PT cell fibrosis as the tubular
lumen increases its alkalinity.

2.7. Oxidative Stress Genes in PT Cells Are Upregulated Due to ALKALIZATION

PT cells are sensitive to reactive oxygen species (ROS) [33], which can be accumulated
during PT acidosis during Acz treatment [34,35]. Therefore, we examined the expressions
of oxidative stress marker genes, FMO2 and NOX4 (Figure 7a,b) as well as oxidative
protection marker genes, Glutathione peroxidases (GPX) 3 and 6 (Figure 7c,d) in PT cells
from untreated (WT and KO) and Acz treated (WTT and KOT) mice. Among the oxidative
stress marker genes tested, NOX4 expression was shown to be significantly increased
in KOT groups compared to all other groups (Figure 7b). Oxidative protection marker
genes (GPX3 and GPX6) exhibited an increased expression amongst all the treated groups
(WTT and KOT). However, it is worth noting that the rise in oxidative protective markers
could be an action by PT cells to offset the rise in ROS production by adjusting ROS to
homeostatic levels. Recent studies have shown that ROS and the resulting oxidative stress
play a pivotal role in apoptosis [36,37]. Cell death through apoptosis is usually due to
response to changes in the cellular microenvironment such as extra and intracellular pH,
which can disrupt cellular functions leading to cell death [38]. Therefore, following Acz
treatment, we examined the expressions of apoptotic genes, BAX1, BCL2, Caspase 3 and
Caspase 12 (Figure 7e–g) in PT cells. We found that the treated groups, particularly the
KOT group, have shown a significant increase in caspase gene expression (Figure 7f,g)
while BAX/BCL2 expressions was higher in both WTT and KOT (Figure 7e). We confirmed
our results by further protein analysis of the same apoptotic markers (Figure 7e,f) which
were also consistent (Figure 7(eii,fii)). In addition, previous studies have shown endoplas-
mic reticulum (ER)-stress induced apoptosis is dependent on Caspase 3 activation and
independent of Caspase 12 [39–41]. Therefore, expression levels of ER-stress gene, M18S
was assessed (Figure 7h). We found that M18S levels was significantly increased in the KOT
group while all other groups did not show any significant difference, providing support for
possible ER-stress induced apoptosis after Acz treatment in absence of TRPC3. Together,
these results support the idea that intracellular acidosis in PT cells, coupled with TRPC3
ablation, can aggravate oxidative stress leading to renal injury and inflammation. All of
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these are detrimental conditions leading to PT cell death that can form cellular debris and
work towards the growth and aggregation of calcium crystals [42].
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Figure 6. Histological and molecular characterization of kidneys for fibrosis and inflammation following Acz treatment.
Supportive evidence of Acz-induced fibrotic and inflammatory induction with of expressions of genetic markers of fibrosis
and inflammation in PT cells. (a) Representative H&E staining of KOT and WTT mice kidney sections showing regions of
inflammation in the kidney. (b,c) WTT and KOT mice kidney sections of Masson’s Trichrome staining shows fibrotic regions
of the kidney. Corroborative evidence through gene expression analysis for fibrotic and inflammatory markers (d) NFκβ,
(e) MCP1, and (f) NLRP3 in WT, WTT, KO, and KOT mice PT cells which are significantly higher in the treated groups
especially for KOT, compared to the controls. Genetic expression profiles of (g) IL-6, (h) 1L-1β, (i) SMα, (j) TGFβ and (k)
FN-1 in WT, WTT, KO, KOT mice PT cells; except in TGFβ and FN-1, KOT groups yielded higher expressions. (d–k) Bar
graphs are means ± SEM from three separate experiments. *, p < 0.05; **, p < 0.01. All gene expressions are normalized
to GAPDH.
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Figure 7. Higher luminal pH induced by Acz increases oxidative stress and promote ER stress-induced apoptosis. Genetic
expressions of oxidative stress markers (a) FMO2 and (b) NOX4, were assessed among WT, WTT, KO and KOT mice PT cells,
which show oxidative stress gene, NOX4, expression was significantly increased in the KOT groups compared to all other
groups analyzed. (c) GPX3 and (d) GPX6, markers for protection from oxidative stress, were significantly higher the KOT
group compared to all other groups analyzed. Genetic and protein expression for apoptotic markers (ei,eii) BAX/BCL2 and
(fi,fii) Caspase 3 and (g) Caspase 12 were significantly higher for all treated groups especially for KOT group compared
to the controls (WT and KO). Evidence of endoplasmic reticulum (ER) stress following Acz treatment through genetic
expression levels ER stress marker (h) M18S, assessed for WT, WTT, KO, and KOT mice PT cells where the ER stress gene
was significantly expressed in the KOT group compared to all other groups analyzed. Experiments were performed three
times. (a–h) Bar graphs are means ± SEM. *, p < 0.05; **, p < 0.01. All gene and protein expressions are normalized to
GAPDH and β-Actin respectively.

3. Discussion

Acz, a sulfonamide derivative, can lower blood pH and increase HCO3
− in the

urine [43]. There is evidence that Acz can induce urinary calculi through its mechanism of
inhibiting CA in the PT and therefore cause hyperchloremic metabolic acidosis leading to
higher urinary pH [16,44]. Our use of Acz was to simulate high pH conditions at the kidney
tubular lumen by dietary supplementation of Acz and to understand the mechanism of
CaP stone formation due to alkaluria. Importantly, in addition to urine alkalization, we
used TRPC3 KO mice in this study because these mice are moderately hypercalciuric [18],
a condition which is conducive for CaP stone formation. Acz was recently used in experi-
mental models for ischemic reperfusion injury recovery, however its CA inhibition further
impairs renal oxygenation [45]. Moreover, Acz has also been proposed as a treatment
adjunct for patients with cystine and uric acid stone formation to standard alkalization
therapy [46]. However, Acz was reported to be poorly tolerated because of its effect in
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inducing CaP crystal formation [46]. We looked at the activation of CaSR in this study,
since precipitation of CaP are dependent upon the elevation of urinary pH, which is linked
to the increased activation of CaSR [47]. Acz treatment did not change the expression of
transepithelial markers SLC26a, NaPii-IIa and PMCA1 in PT cells (Figure S2), and only a
moderate increase in NCX1 (Figure S2d) expression was observed in both the treated and
untreated groups. Such upregulation of NCX1 expression perhaps acted as a preventive
mechanism against the PT luminal Ca2+ supersaturation [47]. Moreover, alkaline urinary
pH can be indicative of a higher luminal PT tubule, as demonstrated in stopped flow
microperfusion pH measurements of rats treated with Acz [48]. While the expression of
SLC26a did not change, CaP+CaOx crystals were abundantly present in KOT mice urine,
and Acz could have influenced the activity of the oxalate transport, which could be done
in a future study. In assessing dynamic Ca2+ transients, a closer look between the different
magnitudes of WT and WTT Ca2+ entries reveal that a higher luminal pH in the PT can
sensitize the CaSR for greater reabsorption of extracellular Ca2+ ions. Interestingly, in our
study, Ca2+ release between both treated groups (WTT and KOT) is dependent upon the
presence of TRPC3. Since CAIV, and to a lesser extent CAII, are inhibited by Acz [49], our
treated mice may potentially undergo proximal RTA, entailing failure of HCO3

− handling,
and elevated acidity in the PT cells [50], which can have a role in CaP crystal formation in
the downstream segments.

Our previous study found that in WT PT cells, the majority of Ca2+ entry pathway
is mediated by ROCE through the CaSR-induced TRPC3 activation [18]. Tracking down
the pathway using various Ca2+ signaling inhibitors reveal that in WTT PT cells most of
the Ca2+ entry is through ROCE, whereas in KOT PT cells SOCE is the major conduit,
particularly through IP3-induced Ca2+ release, as evidenced by greater 2-APB and Pyr6
inhibition on Ca2+ entry in KOT cells compared to WTT cells. Since SOCE can also be
mediated by ER mediated STIM-ORAI pathway [24], however, store-depleted responses
were not prominent in KOT PT cells. Acz is a known pH inducer, which raises the possibility
that the Acz treated PT cells’ HCO3

− transporting activity would be higher. However,
we found a compromised HCO3

− handling in Acz-treated PT cells and greater NBCe1
expression in the TRPC3 KO than in the WT, as well as greater activity. Perhaps the apical
reclamation activity of HCO3

− was increased by another transporter [51].
Analyses of urine K+ levels following Acz treatment reveled that K+ levels were

decreased while there is an increase in serum K+ (Figure S1). The observed differences
in K+ clearance particularly for the treated groups provide explanation for the observed
increase in urinary pH among the treated groups. Studies have shown that, Acz results in
increased Na+ clearance which can be as a result of Acz’s inhibitory action on CA [45,52].
Similarly, Na+ excretion is directly related to decrease in K+ excretion which is associated
with increasing serum K+ levels [53]. It is possible that elevated serum K+ levels are directly
correlated to lower blood pH and higher urine pH due to the mechanism of intercalated
cells [54], which we plan to consider in a future study. Higher urinary pH has been shown
to be conducive for CaP crystal formation [55], which we found in both of our treated
(KOT and WTT) groups. However, the elevated progression of CaP+CaOx (mixed) crystal
formation in the KOT group showed the associated increase in urine CaP and the absence
of TRPC3 provide evidence of the possible protective role of TRPC3 in calcium crystal
formation possibly through its action in regulating the PT Ca2+ influx and preventing
nephrocalcinosis. Besides PT, TRPC3 is also expressed in collecting duct [56], therefore
renal Ca2+ clearance in PT-specific TRPC3 deleted mouse model may be required to sort
out the contribution of PT in TRPC3-mediated urinary Ca2+ changes in response to Acz
treatment.

Studies have shown the PT cells are much more prone to oxidative damage and thus
the site for the pathogenesis of major kidney diseases [33]. Similarly, previous studies
have shown that in the occurrence of PT damage and in kidney diseases, PT cells evoke
inflammatory fibrosis [57]. Previous studies involving clinical cases of RTA have shown
associations between RTA and inflammation with mild cases of fibrosis [58,59], all of
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which has been demonstrated in our Acz treated groups particularly among the KOT
mice. Moreover, our findings of exacerbated fibrosis and inflammation in absence of
TRPC3 can pave the way to link TRPC3 in renal calcification and inflammation/fibrosis.
Chronic renal acidosis leads to increased oxidative activity particularly in the PT [60]
which we have shown in our study that Acz not only increased the expression of ROS
genes but upregulated the oxidative protective genes among the treated groups. Similarly,
the increased expression levels of GPX3 and 6 in treated groups can be supported by
the increases ROS levels and glutathione peroxidase activity on chronic renal failure
and renal acidosis [60]. Moreover, elevated ROS production in PT can induce ER-stress
leading to cellular damage and apoptosis [61]. Thus, the upregulation of M18S in the KOT
particularly provides support for ER-stress induced apoptosis, and significantly, these
results corroborate the significant role of TRPC3 in the PT and in the development of CKD.
Furthermore, increased Ca2+ release for the treated groups may correlate with ER stress
induction, which in turn increases ROS formation [62].

Here, we investigated the PT Ca2+ signaling mechanisms and the underlying patho-
physiology of CaNL using mild hypercalciuric (TRPC3-/-) mice through alkalization of
tubular pH using Acz to mimic the human-like mixed calcium stone pathophysiology
(Scheme S1). We established that the mode of Ca2+ signaling signature in PT switched from
ROCE to SOCE due to renal alkalization, which may be linked to significantly enhanced
bicarbonate currents to induce CaP crystal formation. More importantly, the renal alka-
lization in TRPC3 KO mice intensified the pathophysiologic pathway activation of PT cell
injury through ROS generation, calcification, inflammation, fibrosis, and apoptosis. Thus,
higher luminal pH could be associated with intracellular acidosis and ER stress. Notably,
PT cell injury in absence of TRPC3 can significantly predispose growth and aggregation
of CaP crystals because damaged PT cellular debris, when binding to CaP crystals, can
aggravate the process of stone formation (Scheme 1). Together, these results can help us
to understand the link between alkalization-induced PT Ca2+ signaling and CaP crystal
formation, which may have further stimulated CaP+CaOx mixed stones as found in clinical
conditions of CaNL.
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Scheme 1. Proposed mechanism of TRPC3-/- mouse proximal tubular cell in alkaline conditions following acetazolamide
treatment. Proximal tubular (PT) cell of moderately hypercalciuric (TRPC3-/-) mice after inducing alkalization of tubular pH
with Acz treatment. Mode of Ca2+ entry in PT cells switches from receptor-operated Ca2+ entry (ROCE) to store-operated
Ca2+ entry (SOCE) after being subjected to alkaline conditions. This also prompts bicarbonate current activation, facilitation
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of renal tubular acidosis, and favorable conditions for calcium phosphate (CaP) crystal formation in the tubular lumen.
Such luminal alkalization activates detrimental pathways in PT cells, including: ROS generation, calcification, inflammation,
and fibrosis. In turn, increased ROS formation leads to ER stress and apoptosis towards PT cell injury. Cellular debris
from PT cells can bind to CaP crystals and increase the risk of CaP/CaOx renal stone formation. Calcification markers are
Osteocalcin 2 (OCL2), Osteopontin 4 (OPN-4), and Runt-related transcription factor 2 (RUNX2), and bone morphogenic
protein (BMP) 2 and 6. Inflammation markers are NFkβ, MCP1, NLRP3 and Interleukins (IL): IL-1β, IL-6; and fibrotic
markers are SMa, TGFβ1, and FN-1. Acz: acetazolamide; RTA: renal tubular acidosis; CaSR: calcium sensing receptor; CaP:
calcium phosphate; CaOx: calcium oxalate; Gp: G-protein; ROS: reactive oxygen species; ROCE: receptor-operated Ca2+

entry; SOCE: store-operated Ca2+ entry; ER: endoplasmic reticulum.

4. Materials and Methods
4.1. Animals

TRPC3-/- and WT mice both were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA) and were maintained and crossed as described previously [18,63]. Importantly,
use of mice in this study were approved through protocol designed in accordance with
the Guiding Principles in the NIH Care and Use of Animals, approved by the Institutional
Animal Care and Use Committee and the Research and Development Committee of DC
Veterans Affair Medical Center. Both WT and TRPC3 KO mice were treated with oral Acz
(0.08%) to induce alkalinurea and were designated as WTT and KOT respectively.

4.2. Materials, Antibodies and Chemicals

Acz, L-Phe, Pyr6 and Pyr10 were purchased from Sigma-Aldrich (St. Louis, MO, USA)
whereas Pyr3, 2-APB, NPS-2143, and SKF-96365 were purchased from Tocris Bioscience
(Minneapolis, MN, USA). All cell culture media including Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), antibiotics (penicillin and streptomycin), glu-
tamine, and Fura-2/acetoxymethyl ester (AM) were purchased from Invitrogen (Carlsbad,
CA, USA). All other chemicals used in this study were analytical grade.

4.3. Mice Urine and Serum Electrolyte and pH Measurements

Ad libitum fed mice were housed in their respective metabolic cages (Nalgene,
Rochester, NY, USA) for 24 h urine collection. WT, WTT, KO, and KOT mice treatment
groups cages were designated for treatment with drinking water containing 2% sucrose
solution alone (WT, KO) or with 0.08% Acz (WTT, KOT). pH was measured immediately af-
ter collection using Orion Star A121 portable pH meter (Thermo Fisher Scientific, Waltham,
MA, USA) [64]. Urine and serum electrolytes (Na+, K+, and Cl−) were measured using
a Medica EasyLyte Analyzer (Bedford, MA, USA). Urine and serum Ca2+ measurements
were confirmed with the Randox Calcium Assay Kit (Randox Laboratories, Kearneysville,
WV, USA). Urine and serum PO4

3− were measured using a QuantiChrom™ Phosphate
Assay Kit (BioAssay Systems, Hayward, CA, USA). Food and water intake were recorded
throughout the period.

4.4. Alizarin Red Staining of Urine Crystals

AR staining was performed to detect the presence of CaP and/or CaOx crystals in
mice urine as described previously [15,65–67]. Urine was briefly centrifuged, then crystals
and cells were subsequently collected. Equal volumes of AR pH 4.3 (stains CaP crystals)
or pH 6.8 (stains both CaP and CaOx crystals) were added to the crystals, then incubated
at 37 ◦C for 30 min. Afterwards, supernatants were removed and those crystal pellets
were mounted in slides for capturing images for stained crystals using light microscopy
with Zeiss Axio Observer.Z1 Microscope. Stained images were quantified using ImageJ as
previously described [68].

4.5. Isolation and Primary Culture of PT Cells

PT cells from WT, WTT, KO, or KOT mice were isolated and cultured as previously de-
scribed [18]. Briefly, kidneys were decapsulated immediately after extraction and washed
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with cold external solution containing 0.02% soybean trypsin inhibitor and 0.1% bovine
serum albumin. The cortical tissues were used to obtain PT cells through an enzymatic di-
gestion buffer containing 1% Worthington collagenase Type IV and 0.25% soybean trypsin
inhibitor. Cells were passed through nylon mesh (pore size 70µm) filter and then resus-
pended to centrifugation at ~27,000× g for 10 min at 4 ◦C. The cells were washed with
media (DMEM containing 10% FBS, supplemented with 2 mmol/L glutamine, 100 IU/mL
penicillin, 100 µg/mL streptomycin, 5 µg/mL insulin, 5 × 108 mol/L hydrocortisone, 5
µg/mL transferring, 2 mmol/L butyrate, 2 mmol/L alanine, and 2 mmol/L lactate supple-
mentation), and were immediately used for electrophysiology experiments as described
previously [18] or cultured as described [69] for Ca2+ imaging experiments.

4.6. Time-Lapse [Ca2+]i Fluorescence Measurements

As previously described, time-dependent ratiometric (340/380) [Ca2+]i measurements
of PT cells from WT, WTT, KO, or KOT mice were performed [62,70]. Cells loaded with
Fura-2 were placed in a microincubator set to 37 ◦C along with a gaseous mixture of 95%
air and 5% CO2 for the duration of the experiment. Cell images were taken using an IX81
motorized inverted microscope equipped with an IX2-UCB control box (Olympus USA,
Center Valley, PA, USA). These images were fed into a C9100-02 electron multiplier CCD
camera with an AC adaptor A3472-07 (Hamamatsu, Bridgewater, NJ, USA). A Lambda-LS
xenon arc lamp and a 10-2 optical filter changer (Sutter Inst. Novato, CA, USA) was added
as an illuminator which can output 340 and 380 nm to a 700 nm cutoff. Fluorescence emitted
by Fura-2 is excited at a wavelength of 500 nm with peak absorbance continuously shifting
at wavelengths of 340 nm and 380 nm. PT cells were brought into focus using a differential
interference contrast channel. These measurements were digitally processed using the 3i
SlideBook version 5.0 microscopy software (Intelligent Imaging Innovations, Denver, CO,
USA). Time-lapse was configured to 200–500 time points at 1 sec intervals, and 50–150 cells
were selected as regions of interest (background fluorescence automatically subtracted
prior to 340/380 ratio calculation and graphing). Analysis was performed offline using
SlidebookTM software.

4.7. Whole-Cell Patch Clamp Experiments

Electrophysiology were performed on each single cell and the ion currents were mea-
sured using whole-cell patch clamp technique as previously described [62,71]. Typically,
all extracellular solution surrounding a cell were comprised of (in mM): 140 NaCl, 4 KCl,
1 MgCl2, 2 CaCl2, 5 D-glucose and 10 HEPES (NaOH, pH 7.4). Intracellular solution
comprised of (in mM): 50 CsCl, 10 NaCl, 60 CsF, 20 EGTA, and 10 HEPES (CsOH, pH 7.2).
Whole-cell voltage ramp recordings were performed using EPC-10 digitally controlled
amplifier and Patchmaster software (HEKA, Lambrecht, Germany). Data was obtained at
5.00 kHz and filtered with 2.873 kHz. Current-voltage (I-V) curves were outputted every
3 s after application of voltage ramps (300 ms) from −100 mV to +100 mV, with a holding
potential of −80 mV. Once the whole-cell configuration achieved the cut off resistance was
established as >500 MΩ. All experiments were performed at 25 ◦C.

4.8. RNA Extraction, cDNA Synthesis and Polymerase Chain Reaction (PCR)

Total RNAs were isolated from mouse PT cells using TRIzol reagent as previously
described [62]. DNase and cDNA synthesis were performed using GoScript™ Reverse
Transcription System (Promega, Madison, WI, USA) as per the manufacturer’s instructions.
Gene amplification was performed using gene-specific primers (Table 1) and PCR Master
Mix prepared using GoTaq® Green Master Mix (Promega, Madison, WI, USA). Primers
were purchased from Invitrogen and Integrated DNA Technologies (Coralville, IA, USA).
Thermocycling (Bio-Rad, Hercules, CA, USA) parameters were set to PCR conditions as
previously described [62].
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Table 1. PCR Primer information.

Primer Sequence (Sense, Antisense) Product Size (bp)

mGAPDH 5′-ACTCCACTCACGGCAAATTC-3′ 1715′-TCTCCATGGTGGTGAAGACA-3′

mNCX1 5′-CCTTGTGCATCTTAGCAATG-3′ 3095′-TCTCACTCATCTCCAGA-3′

mPMCA1 5′TGGCAAACAACTCAGTTGCATATAGTGG3′ 5625′TCCTGTTCAATTCGACTCTGCAAGCCTCG3′

mSMa 5′-AGATTGTCCGTGACATCAAGG-3′ 5385′-TTGTGTGCTAGAGGCAGAGC-3

mNBCe1 5′-CACTGAAAATGTGGAAGGGAA-3′ 5445′-TTATCACCCTTGTGCTTTGC-3′

mNaPiIIa 5′-AGACACAACAGAGGCTTC-3′ 1815′-CACAAGGAGGATAAGACAAG-3′

mBMP2 5′-TGGAAGTGGCCCATTTAGAG-3′ 1665′-TGACGCTTTTCTCGTTTGTG-3′

mBMP6 5′-CCCGCCCGGAGTAGTTTTAGC-3′ 1685′-AGTGCCCTTCTCCCCTCCATT-3′

mOCL 5′-CTGACAAAGCCTTCATGTCCAA-3′ 595′-GCGCCGGAGTCTGTTCACTA-3′

mOPN 5′-GATGATGATGACGATGGAGACC-3′ 1485′-CGACTGTAGGGACGATTGGAG-3′

mRUNX2 5′-CGGCCCTCCCTGAACTCT-3′ 755′-TGCCTGCCTGGGATCTGTA-3′

mTGFb 5′-CTGAGTGGCTGTCTTTTG-3′ 4365′-TTGCTGTACTGTGTGTCC-3′

mFN1 5′-TGCACGATGATATGGAGAGC-3′ 935′-TGGGTGTCACCTGACTGA-3′

mNLRP3 5′-AGAGCCTACAGTTGGGTGAAATG-3′ 1165′-CCACGCCTACCAGGAAATCTC-3′

mIL-1b 5′-TCCATGAGCTTTGTACAAGGA-3′ 3435′-AGCCCATACTTTAGGAAGACA-3′

mIL-6 5′-TGGAGTCACAGAAGGAGTGGCTAA-3′ 1555′-TCTGACCACAGTGAGGAATGTCCA-3′

mMCP1 5′-AGAGAGCCAGACGGGAGGAA-3′ 5205′-GTCACACTGGTCACTCCTAC-3′

mNFkb 5′-GTGGAGGCATGTTCGGTAGT-3′ 3675′-AGCTGCAGAGCCTTCTCAAG-3′

mGPX3 5′-TGGCTTGGTCATTCTGGGC-3′ 1035′-CCCACCTGGTCGAACATACTT-3′

mM18S 5′-ACGGAAGGGCACCACCAGGA-3′ 1275′-CACCACCACCCACGGAATCG-3′

mBAX 5′-GAGACACCTGAGCTGACCTT-3′ 2445′-GCACCAGTTTGCTAGCAAAG-3′

mBCL2 5′-CTCGTCGCTACCGTCGTGACTTCG-3′ 2425′-CAGAGTCCGGTTCAGGTACTCAGTC-3′

mCaspase3 5′-AGAGAGCCAGACGGGAGGAA-3′ 5195′-GTCACACTGGTCACTCCTAC-3′

mCaspase12 5′-GCTGGCCACATTGCCAATTCCC-3′ 3145′-GCCAGACGTGTTCGTCCCTCC-5′

mGPX6 5′-GCCCAGAAGTTGTGGGGTTC-3′ 1295′-TCCATACTCATAGACGGTGCC-3′

mSLC26a 5′-AGATCTTCCTTGCGTCTGC-3′ 1495′-GCCTTTCCACATGGTAGTCTC-3′

4.9. Protein Analysis and Western Blotting

Protein preparation, SDS-PAGE (using 4–12% gels; Invitrogen), transferred from
the gel onto an Immobilon-PSQ transfer membrane (Millipore Corp, Bedford, MA) were
performed at room temperature as previously described [18,70]. Antibody labeling was
detected by enhanced chemiluminescence (ECL) using primary antibodies: mouse mono-
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clonal antibodies (Table 2). Anti-mouse secondary antibodies from Sigma-Aldrich and ECL
kit from Pierce (Invitrogen) were used.

Table 2. Antibody information.

Antibody Company Purchased/Ref. Number Dilution Used

BAX1 Santa Cruz Biotechnology; sc-20067 1:1000
BCL2 Santa Cruz Biotechnology; sc-23960 1:1000

Caspase-3 Santa Cruz Biotechnology; sc-7272 1:1000
OPN Santa Cruz Biotechnology; sc-10591 1:1000

RUNX2 Santa Cruz Biotechnology; sc-101145 1:1000
BMP2 Santa Cruz Biotechnology; sc-6895 1:1000
BMP6 Santa Cruz Biotechnology; sc-7406 1:1000
OCL Santa Cruz Biotechnology; sc-376726 1:1000

Beta Actin Santa Cruz Biotechnology; sc-47778 1:1000
SLC4A4 (NBCe1) Proteintech; 11885-1-AP 1:1000

4.10. Histochemistry of Kidney Sections

Kidneys collected from the mice after euthanasia were immediately fixed in 10%
formalin solution for 24 h and then dehydrated in graded concentrations of ethanol and
then embedded in paraffin. Mice tissue sections (∼5–7 µm) were prepared from whole
kidney tissue paraffin blocks. Histochemistries were performed on paraffin sections of
treated mice kidneys, as described previously [72]. Sections were stained with H&E,
Masson’s, Von Kossa or AR pH 4.3 or pH 6.8 as described previously [73].

4.11. Statistical Analysis

Origin 6.1 was used as a graphical software for analyses of experimental data such as
plotting, and curve-fitting, etc. The data were expressed as means ± SEM. To obtain statis-
tically valid data comparisons were made using Student’s unpaired t-test (two-tailed), or
ANOVA, as appropriate, in Origin 6.1. Statistically significant comparisons were accepted
at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/6/3050/s1.

Author Contributions: Conception and design, acquisition and analysis (e.g., statistical analysis) of
experimental data: E.A.B., S.S., S.Y., B.-E.C., P.L. and B.C.B.; Interpretation of data: B.C.B., E.A.B., S.S.,
S.Y. and B.-E.C.; Writing the manuscript draft, review and revision of the manuscript: E.A.B., S.S.,
S.Y., B.-E.C., P.L. and B.C.B.; Funding acquisition: B.C.B. and E.A.B. All authors have read and agreed
to the published version of the manuscript.

Funding: We acknowledge the funding support from NIH R01 grant DK102043 for this study to
BCB. We also thank the Office of Research on Women’s Health (ORWH) for funding support to
BCB through National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) grant no.
DK102043S1. E.A.B. is the recipient of Diversity Supplement Award under DK102043 (DK102043S2;
Research supplements to promote diversity in health-related research). There was no involvement
of those funding agencies in the preparation of this manuscript, design, collection, analyses, and
interpretation of the data, writing of the report, and/or decision to submit this article for publication.

Institutional Review Board Statement: This animal protocol (#01570 approval date 11/18/2019)
was designed according to the Guiding Principles in the Care and Use of Animals, and approved by
the Institutional Animal Care and Use Committee and the Research and Development Committee of
DC Veterans Affair Medical Center.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

https://www.mdpi.com/1422-0067/22/6/3050/s1
https://www.mdpi.com/1422-0067/22/6/3050/s1


Int. J. Mol. Sci. 2021, 22, 3050 19 of 21

Acknowledgments: We would like to thank DCVA Calcium Signaling Lab members Farai C.
Gombedza, Sade Evans and for helping in experiments and data analysis. We acknowledge In-
stitute for Clinical Research, Inc. for administrative support. We also thank National Institute of
Diabetes and Digestive and Kidney Diseases (DK102043) for funding support and Washington DC
VA Medical Center for facility support.

Conflicts of Interest: The authors declare that there are no financial and non-financial conflict of
interest involved in this study.

References
1. Rodríguez Soriano, J. Renal tubular acidosis: The clinical entity. J. Am. Soc. Nephrol. 2002, 13, 2160–2170. [CrossRef]
2. Smulders, Y.M.; Frissen, P.H.; Slaats, E.H.; Silberbusch, J. Renal tubular acidosis: Pathophysiology and diagnosis. Arch. Intern.

Med. 1996, 156, 1629–1636. [CrossRef] [PubMed]
3. Berg, C.; Tiselius, H.G. The effect of pH on the risk of calcium oxalate crystallization in urine. Eur. Urol. 1986, 12, 59–61. [CrossRef]

[PubMed]
4. Mateos Antón, F.; García Puig, J.; Gaspar, G.; Martínez, M.E.; Ramos, T.; Martínez Piñeiro, J.A. Renal tubular acidosis in recurrent

renal stone formers. Eur. Urol. 1984, 10, 55–59. [CrossRef]
5. Hamm, L.; Nakhoul, N. Renal Acidification. In Brenner and Rector’s the Kidney, 8th ed.; Brenner, B.M., Ed.; Elsevier: Amsterdam,

The Netherlands, 2007; pp. 248–267. ISBN 978-1416031055.
6. Pak, C.Y.; Koenig, K.; Khan, R.; Haynes, S.; Padalino, P. Physicochemical action of potassium-magnesium citrate in nephrolithiasis.

J. Bone Miner. Res. 1992, 7, 281–285. [CrossRef]
7. Goldfarb, D.S. A woman with recurrent calcium phosphate kidney stones. Clin. J. Am. Soc. Nephrol. 2012, 7, 1172–1178. [CrossRef]

[PubMed]
8. Tiselius, H.G. A hypothesis of calcium stone formation: An interpretation of stone research during the past decades. Urol. Res.

2011, 39, 231–243. [CrossRef] [PubMed]
9. Ahlstrand, C.; Tiselius, H.G. Urine composition and stone formation during treatment with acetazolamide. Scand. J. Urol. Nephrol.

1987, 21, 225–228. [CrossRef]
10. Krishnan, D.; Liu, L.; Wiebe, S.A.; Casey, J.R.; Cordat, E.; Alexander, R.T. Carbonic anhydrase II binds to and increases the activity

of the epithelial sodium-proton exchanger, NHE3. Am. J. Physiol. Renal Physiol. 2015, 309, F383–F392. [CrossRef]
11. Krishnan, D.; Pan, W.; Beggs, M.R.; Trepiccione, F.; Chambrey, R.; Eladari, D. Deficiency of Carbonic Anhydrase II Results in a

Urinary Concentrating Defect. Front. Physiol. 2017, 8, 1108. [CrossRef]
12. Zhang, J.; An, Y.; Gao, J.; Han, J.; Pan, X.; Pan, Y. Aquaporin-1 translocation and degradation mediates the water transportation

mechanism of acetazolamide. PLoS ONE 2012, 7, e45976. [CrossRef] [PubMed]
13. Evan, A.P. Physiopathology and etiology of stone formation in the kidney and the urinary tract. Pediatr. Nephrol. 2010, 25, 831–841.

[CrossRef]
14. Thorleifsson, G.; Holm, H.; Edvardsson, V.; Walters, G.B.; Styrkarsdottir, U.; Gudbjartsson, D.F. Sequence variants in the CLDN14

gene associate with kidney stones and bone mineral density. Nat. Genet. 2009, 41, 926–930. [CrossRef]
15. Boadi, E.A.; Deems, N.J.; Raub, C.B.; Bandyopadhyay, B.C. Matting Calcium Crystals by Melamine Improves Stabilization and

Prevents Dissolution. Cryst. Growth Des. 2019, 19, 6636–6648. [CrossRef] [PubMed]
16. Zuckerman, J.M.; Assimos, D.G. Hypocitraturia: Pathophysiology and medical management. Rev. Urol. 2009, 11, 134–144.

[PubMed]
17. Nouvenne, A.; Meschi, T.; Prati, B.; Guerra, A.; Allegri, F.; Vezzoli, G. Effects of a low-salt diet on idiopathic hypercalciuria in

calcium-oxalate stone formers: A 3-mo randomized controlled trial. Am. J. Clin. Nutr. 2010, 91, 565–570. [CrossRef] [PubMed]
18. Ibeh, C.L.; Yiu, A.J.; Kanaras, Y.L.; Paal, E.; Birnbaumer, L.; Jose, P.A. Evidence for a regulated Ca2+ entry in proximal tubular cells

and its implication in calcium stone formation. J. Cell Sci. 2019, 132. [CrossRef]
19. Khan, S.R.; Pearle, M.S.; Robertson, W.G.; Gambaro, G.; Canales, B.K.; Doizi, S. Kidney stones. Nat. Rev. Dis. Primers 2016, 2,

16008. [CrossRef]
20. Maruyama, T.; Kanaji, T.; Nakade, S.; Kanno, T.; Mikoshiba, K. 2APB, 2-aminoethoxydiphenyl borate, a membrane-penetrable

modulator of Ins(1,4,5)P3-induced Ca2+ release. J. Biochem. 1997, 122, 498–505. [CrossRef] [PubMed]
21. Merritt, J.E.; Armstrong, W.P.; Benham, C.D.; Hallam, T.J.; Jacob, R.; Jaxa-Chamiec, A. SK&F 96365, a novel inhibitor of receptor-

mediated calcium entry. Biochem. J. 1990, 271, 515–522. [PubMed]
22. Kiyonaka, S.; Kato, K.; Nishida, M.; Mio, K.; Numaga, T.; Sawaguchi, Y. Selective and direct inhibition of TRPC3 channels

underlies biological activities of a pyrazole compound. Proc. Natl. Acad. Sci. USA 2009, 106, 5400–5405. [CrossRef]
23. Nemeth, E.F. The search for calcium receptor antagonists (calcilytics). J. Mol. Endocrinol. 2002, 29, 15–21. [CrossRef]
24. Zou, J.J.; Gao, Y.D.; Geng, S.; Yang, J. Role of STIM1/Orai1-mediated store-operated Ca2+ entry in airway smooth muscle cell

proliferation. J. Appl. Physiol. 2011, 110, 1256–1263. [CrossRef]
25. Schleifer, H.; Doleschal, B.; Lichtenegger, M.; Oppenrieder, R.; Derler, I.; Frischauf, I. Novel pyrazole compounds for pharmacolog-

ical discrimination between receptor-operated and store-operated Ca(2+) Entry pathways. Br. J. Pharmacol. 2012, 167, 1712–1722.
[CrossRef] [PubMed]

http://doi.org/10.1097/01.ASN.0000023430.92674.E5
http://doi.org/10.1001/archinte.1996.00440140045004
http://www.ncbi.nlm.nih.gov/pubmed/8694660
http://doi.org/10.1159/000472578
http://www.ncbi.nlm.nih.gov/pubmed/3948899
http://doi.org/10.1159/000463513
http://doi.org/10.1002/jbmr.5650070306
http://doi.org/10.2215/CJN.00560112
http://www.ncbi.nlm.nih.gov/pubmed/22595827
http://doi.org/10.1007/s00240-010-0349-3
http://www.ncbi.nlm.nih.gov/pubmed/21246193
http://doi.org/10.3109/00365598709180326
http://doi.org/10.1152/ajprenal.00464.2014
http://doi.org/10.3389/fphys.2017.01108
http://doi.org/10.1371/journal.pone.0045976
http://www.ncbi.nlm.nih.gov/pubmed/23029347
http://doi.org/10.1007/s00467-009-1116-y
http://doi.org/10.1038/ng.404
http://doi.org/10.1021/acs.cgd.9b01036
http://www.ncbi.nlm.nih.gov/pubmed/31749663
http://www.ncbi.nlm.nih.gov/pubmed/19918339
http://doi.org/10.3945/ajcn.2009.28614
http://www.ncbi.nlm.nih.gov/pubmed/20042524
http://doi.org/10.1242/jcs.225268
http://doi.org/10.1038/nrdp.2016.8
http://doi.org/10.1093/oxfordjournals.jbchem.a021780
http://www.ncbi.nlm.nih.gov/pubmed/9348075
http://www.ncbi.nlm.nih.gov/pubmed/2173565
http://doi.org/10.1073/pnas.0808793106
http://doi.org/10.1677/jme.0.0290015
http://doi.org/10.1152/japplphysiol.01124.2010
http://doi.org/10.1111/j.1476-5381.2012.02126.x
http://www.ncbi.nlm.nih.gov/pubmed/22862290


Int. J. Mol. Sci. 2021, 22, 3050 20 of 21

26. Curthoys, N.P.; Moe, O.W. Proximal tubule function and response to acidosis. Clin. J. Am. Soc. Nephrol. 2014, 9, 1627–1638.
[CrossRef]

27. Orlowski, A.; Vargas, L.A.; Aiello, E.A.; Álvarez, B.V. Elevated carbon dioxide upregulates NBCn1 Na+/HCO3(-) cotransporter
in human embryonic kidney cells. Am. J. Physiol. Renal Physiol. 2013, 305, F1765–F1774. [CrossRef] [PubMed]

28. Sanz, A.B.; Sanchez-Niño, M.D.; Ramos, A.M.; Moreno, J.A.; Santamaria, B.; Ruiz-Ortega, M.; Egido, J.; Ortiz, A. NF-kappaB in
renal inflammation. J. Am. Soc. Nephrol. 2010, 21, 1254–1262. [CrossRef] [PubMed]

29. Mihai, S.; Codrici, E.; Popescu, I.D.; Enciu, A.M.; Albulescu, L.; Necula, L.G. Inflammation-Related Mechanisms in Chronic
Kidney Disease Prediction, Progression, and Outcome. J. Immunol. Res. 2018, 2018, 2180373. [CrossRef]

30. Yamamoto, T.; Noble, N.A.; Miller, D.E.; Border, W.A. Sustained expression of TGF-beta 1 underlies development of progressive
kidney fibrosis. Kidney Int. 1994, 45, 916–927. [CrossRef] [PubMed]

31. Forbes, J.M.; Hewitson, T.D.; Becker, G.J.; Jones, C.L. Ischemic acute renal failure: Long-term histology of cell and matrix changes
in the rat. Kidney Int. 2000, 57, 2375–2385. [CrossRef] [PubMed]

32. Price, N.L.; Miguel, V.; Ding, W.; Singh, A.K.; Malik, S.; Rotllan, N.; Moshnikova, A.; Toczek, J.; Zeiss, C.; Sadeghi, M.M.; et al.
Genetic deficiency or pharmacological inhibition of miR-33 protects from kidney fibrosis. JCI Insight 2019, 4, e131102. [CrossRef]

33. Ratliff, B.B.; Abdulmahdi, W.; Pawar, R.; Wolin, M.S. Oxidant Mechanisms in Renal Injury and Disease. Antioxid. Redox Signal.
2016, 25, 119–146. [CrossRef] [PubMed]

34. Scholze, A.; Jankowski, J.; Pedraza-Chaverri, J.; Evenepoel, P. Oxidative Stress in Chronic Kidney Disease. Oxid. Med. Cell. Longev.
2016, 2016, 8375186. [CrossRef] [PubMed]

35. Tarng, D.C.; Wen Chen, T.; Huang, T.P.; Chen, C.L.; Liu, T.Y.; Wei, Y.H. Increased oxidative damage to peripheral blood leukocyte
DNA in chronic peritoneal dialysis patients. J. Am. Soc. Nephrol. 2002, 13, 1321–1330. [CrossRef] [PubMed]

36. Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiology 2000, 7, 153–163. [CrossRef]
37. Esteve, J.M.; Mompo, J.; Garcia de la Asuncion, J.; Sastre, J.; Asensi, M.; Boix, J. Oxidative damage to mitochondrial DNA and

glutathione oxidation in apoptosis: Studies in vivo and in vitro. FASEB J. 1999, 13, 1055–1064. [CrossRef]
38. Sanz, A.B.; Santamaría, B.; Ruiz-Ortega, M.; Egido, J.; Ortiz, A. Mechanisms of renal apoptosis in health and disease. J. Am. Soc.

Nephrol. 2008, 19, 1634–1642. [CrossRef]
39. Hitomi, J.; Katayama, T.; Taniguchi, M.; Honda, A.; Imaizumi, K.; Tohyama, M. Apoptosis induced by endoplasmic reticulum

stress depends on activation of caspase-3 via caspase-12. Neurosci. Lett. 2004, 357, 127–130. [CrossRef]
40. Shiraishi, H.; Okamoto, H.; Yoshimura, A.; Yoshida, H. ER stress-induced apoptosis and caspase-12 activation occurs downstream

of mitochondrial apoptosis involving Apaf-1. J. Cell Sci. 2006, 119, 3958–3966. [CrossRef] [PubMed]
41. Di Sano, F.; Ferraro, E.; Tufi, R.; Achsel, T.; Piacentini, M.; Cecconi, F. Endoplasmic reticulum stress induces apoptosis by an

apoptosome-dependent but caspase 12-independent mechanism. J. Biol. Chem. 2006, 281, 2693–2700. [CrossRef]
42. Khan, S.R. Reactive oxygen species, inflammation and calcium oxalate nephrolithiasis. Transl. Androl. Urol. 2014, 3, 256–276.
43. Leaf, D.E.; Goldfarb, D.S. Mechanisms of action of acetazolamide in the prophylaxis and treatment of acute mountain sickness. J.

Appl. Physiol. 2007, 102, 1313–1322. [CrossRef]
44. Matlaga, B.R.; Shah, O.D.; Assimos, D.G. Drug-induced urinary calculi. Rev. Urol. 2003, 5, 227–231. [PubMed]
45. Nensén, O.; Hansell, P.; Palm, F. Role of carbonic anhydrase in acute recovery following renal ischemia reperfusion injury. PLoS

ONE 2019, 14, e0220185. [CrossRef] [PubMed]
46. Sterrett, S.P.; Penniston, K.L.; Wolf, J.S., Jr.; Nakada, S.Y. Acetazolamide is an effective adjunct for urinary alkalization in patients

with uric acid and cystine stone formation recalcitrant to potassium citrate. Urology 2008, 72, 278–281. [CrossRef]
47. Doroszewicz, J.; Waldegger, P.; Jeck, N.; Seyberth, H.; Waldegger, S. pH dependence of extracellular calcium sensing receptor

activity determined by a novel technique. Kidney Int. 2005, 67, 187–192. [CrossRef]
48. Malnic, G.; Giebisch, G. Symposium on acid-base homeostasis. Mechanism of renal hydrogenion secretion. Kidney Int. 1972, 1,

280–296. [CrossRef] [PubMed]
49. Haque, S.K.; Ariceta, G.; Batlle, D. Proximal renal tubular acidosis: A not so rare disorder of multiple etiologies. Nephrol. Dial.

Transplant. 2012, 27, 4273–4287. [CrossRef]
50. Bomsztyk, K.; Swenson, E.R.; Calalb, M.B. HCO3 accumulation in proximal tubule: Roles of carbonic anhydrase, luminal buffers,

and pH. Am. J. Physiol. 1987, 252, F501–F508. [CrossRef] [PubMed]
51. Guo, Y.M.; Liu, Y.; Liu, M.; Wang, J.L.; Xie, Z.D.; Chen, K.J. Na+/HCO3-Cotransporter NBCn2 Mediates HCO3-Reclamation in

the Apical Membrane of Renal Proximal Tubules. J. Am. Soc. Nephrol. 2017, 28, 2409–2419. [CrossRef]
52. Clausen, T. Potassium and sodium transport and pH regulation. Can. J. Physiol. Pharmacol. 1992, 70, S219–S222. [CrossRef]

[PubMed]
53. Aronson, P.S.; Giebisch, G. Effects of pH on potassium: New explanations for old observations. J. Am. Soc. Nephrol. 2011, 22,

1981–1989. [CrossRef]
54. Roy, A.; Al-bataineh, M.M.; Pastor-Soler, N.M. Collecting duct intercalated cell function and regulation. Clin. J. Am. Soc. Nephrol.

2015, 10, 305–324. [CrossRef]
55. Wagner, C.A.; Mohebbi, N. Urinary pH and stone formation. J. Nephrol. 2010, 23, S165–S169.
56. Hsu, Y.J.; Hoenderop, J.G.; Bindels, R.J. TRP channels in kidney disease. Biochim. Biophys. Acta 2007, 1772, 928–936. [CrossRef]
57. Gewin, L.S. Renal fibrosis: Primacy of the proximal tubule. Matrix Biol. 2018, 68–69, 248–262. [CrossRef]

http://doi.org/10.2215/CJN.10391012
http://doi.org/10.1152/ajprenal.00096.2013
http://www.ncbi.nlm.nih.gov/pubmed/24005470
http://doi.org/10.1681/ASN.2010020218
http://www.ncbi.nlm.nih.gov/pubmed/20651166
http://doi.org/10.1155/2018/2180373
http://doi.org/10.1038/ki.1994.122
http://www.ncbi.nlm.nih.gov/pubmed/8196298
http://doi.org/10.1046/j.1523-1755.2000.00097.x
http://www.ncbi.nlm.nih.gov/pubmed/10844607
http://doi.org/10.1172/jci.insight.131102
http://doi.org/10.1089/ars.2016.6665
http://www.ncbi.nlm.nih.gov/pubmed/26906267
http://doi.org/10.1155/2016/8375186
http://www.ncbi.nlm.nih.gov/pubmed/27579156
http://doi.org/10.1097/01.ASN.0000013301.11876.7E
http://www.ncbi.nlm.nih.gov/pubmed/11961020
http://doi.org/10.1016/S0928-4680(00)00053-5
http://doi.org/10.1096/fasebj.13.9.1055
http://doi.org/10.1681/ASN.2007121336
http://doi.org/10.1016/j.neulet.2003.12.080
http://doi.org/10.1242/jcs.03160
http://www.ncbi.nlm.nih.gov/pubmed/16954146
http://doi.org/10.1074/jbc.M509110200
http://doi.org/10.1152/japplphysiol.01572.2005
http://www.ncbi.nlm.nih.gov/pubmed/16985842
http://doi.org/10.1371/journal.pone.0220185
http://www.ncbi.nlm.nih.gov/pubmed/31465457
http://doi.org/10.1016/j.urology.2008.04.003
http://doi.org/10.1111/j.1523-1755.2005.00069.x
http://doi.org/10.1038/ki.1972.41
http://www.ncbi.nlm.nih.gov/pubmed/4599952
http://doi.org/10.1093/ndt/gfs493
http://doi.org/10.1152/ajprenal.1987.252.3.F501
http://www.ncbi.nlm.nih.gov/pubmed/3103469
http://doi.org/10.1681/ASN.2016080930
http://doi.org/10.1139/y92-265
http://www.ncbi.nlm.nih.gov/pubmed/1295672
http://doi.org/10.1681/ASN.2011040414
http://doi.org/10.2215/CJN.08880914
http://doi.org/10.1016/j.bbadis.2007.02.001
http://doi.org/10.1016/j.matbio.2018.02.006


Int. J. Mol. Sci. 2021, 22, 3050 21 of 21

58. Humayun, Y.; Sanchez, P.; Norris, L.T.; Monga, D.; Lewin, J.; Fülöp, T. Kidney biopsy for renal tubular acidosis: When tissue
diagnosis makes a difference. Clin. Nephrol. Case Stud. 2015, 3, 1–4. [CrossRef] [PubMed]

59. Caruana, R.J.; Buckalew, V.M. The syndrome of distal (type 1) renal tubular acidosis. Clinical and laboratory findings in 58 cases.
Medicine 1988, 67, 84–99. [CrossRef] [PubMed]

60. Rustom, R.; Wang, B.; McArdle, F.; Shalamanova, L.; Alexander, J.; McArdle, A. Oxidative stress in a novel model of chronic
acidosis in LLC-PK1 cells. Nephron. Exp. Nephrol. 2003, 95, e13–e23. [CrossRef]

61. Zeeshan, H.M.; Lee, G.H.; Kim, H.R.; Chae, H.J. Endoplasmic Reticulum Stress and Associated ROS. Int. J. Mol. Sci. 2016, 17, 327.
[CrossRef]

62. Yiu, A.J.; Ibeh, C.L.; Roy, S.K.; Bandyopadhyay, B.C. Melamine induces Ca2+-sensing receptor activation and elicits apoptosis in
proximal tubular cells. Am. J. Physiol. Cell Physiol. 2017, 313, C27–C41. [CrossRef]

63. Hartmann, J.; Dragicevic, E.; Adelsberger, H.; Henning, H.A.; Sumser, M.; Abramowitz, J. TRPC3 channels are required for
synaptic transmission and motor coordination. Neuron 2008, 59, 392–398. [CrossRef]

64. Bernardo, J.F.; Magyar, C.E.; Sneddon, W.B.; Friedman, P.A. Impaired renal calcium absorption in mice lacking calcium channel
beta 3 subunits. Can. J. Physiol. Pharmacol. 2009, 87, 522–530. [CrossRef]

65. Gombedza, F.; Evans, S.; Shin, S.; Awuah Boadi, E.; Zhang, Q.; Nie, Z. Melamine promotes calcium crystal formation in
three-dimensional microfluidic device. Sci. Rep. 2019, 9, 875. [CrossRef] [PubMed]
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