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Abstract 

Canna binoids ar e a major class of compounds produced by the plant Canna bis sati v a. Pr evious w ork has demonstr ated that 
the main cannabinoids cannabidiol (CBD) and tetrahydrocannabinol (THC) can have some beneficial effects on pain, 
inflammation, e pile psy, and c hemother apy-induced nausea and v omiting. While CBD and THC r e pr esent the two major 
plant cannabinoids, some hemp varieties with enzymatic deficiencies produce mainly cannabigerolic acid (CBGA). We 
r ecentl y r e ported that CBGA has a potent inhibitor y effect on both Stor e-Operated Calcium Entr y (SOCE) via inhibition of 
Calcium Release-Acti v ated Calcium (CRAC) c hannels as w ell as currents carried by the c hannel-kinase TRPM7. Importantly, 
CBGA pr ev ented kidney dama ge and suppr essed mRNA expr ession of inflammator y cytokines thr ough inhibition of these 
mechanisms in an acute ne phr opathic mouse model. In the present study, we investigate the most common major and 

minor cannabinoids to determine their potential efficacy on TRPM7 channel function. We find that approximately half of 
the tested cannabinoids suppress TRPM7 currents to some de gree , with CBGA having the strongest inhibitory effect on 

TRPM7. We determined that the CBGA-mediated inhibition of TRPM7 r equir es a functional kinase domain, is sensitized by 
both intracellular Mg ·ATP and free Mg 2 + and reduced by increases in intracellular Ca 2 + . Finally, we demonstrate that CBGA 

inhibits nati v e TRPM7 channels in a B l ymphocyte cell line . In conclusion, w e demonstr ate that CBGA is the most potent 
cannabinoid in suppressing TRPM7 activity and possesses therapeutic potential for diseases in which TRPM7 is known to 

play an important role such as cancer, stroke, and kidney disease. 
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annabis sativa has a rich history as a plant-based medicine,
sed to treat conditions like chronic pain, nausea, anxiety,

nsomnia, anorexia, and muscle spasms. 1 , 2 It is also used in the
r eatment of chr onic disorders such as autoimmune and neu-
ode gener ative diseases, 3 cancer, 4 , 5 m ultiple scler osis, 6–8 and
 pile psy. 9–11 This broad therapeutic efficacy underscores the
mportance of elucidating the underlying mechanisms behind
he di v erse benefits of canna bis. Compositionall y, the canna bis
lant is dominated by a large class of natural products known
s phytocannabinoids, which possess anti-inflammatory and 

nalgesic properties. 12 , 13 Like the plant itself, the phytocannabi-
oids act through a multitude of mechanisms. These include G-
r otein-coupled r ece ptors such as canna binoid r ece ptors type 1

CB1) and type 2 (CB2) or CB1/CB2-independent pathways. 14 In
ddition, canna binoids hav e been found to affect other biologi-
al targets, including members of the transient r ece ptor poten-
ial (TRP) family of ion channels. 15 , 16 

Canna biger olic acid (CBGA) is the acidic form canna biger ol
CBG) and r e pr esents the biosynthetic precursor to a vast num-
er of cannabinoids, including tetrahydrocannabinol (THC) and
annabidiol (CBD). Like CBD, canna biger olic acid (CBGA) has
een found to have anticonvulsant effects in mouse models
f e pile psy. 17 CBGA has been r e ported to be a dual PPAR α/ γ
gonist with the potential to tr eat meta bolic disorders such
s diabetes and dyslipidemia. 18 Preclinical findings show that
BG, the decarboxylated version of CBGA, reduces intraocular
r essur e, possesses antioxidant, anti-inflammatory, and anti-
umoral activities, and has antianxiety, neur opr otecti v e, der-

atological, and appetite-stimulating effects. 19 Both CBGA and
BG hav e neur opr otecti v e pr operties in Parkinson’s disease
odel 20 , 21 ; however, the mechanisms of action and pharmaco-

ogical effects remain to be elucidated in more detail. 
TRPM7 is a member of the transient r ece ptor potential melas-

atin (TRPM) family of ion channels and is composed of a 6
r ansmembr ane spanning ion channel domain and a functional
erine/threonine kinase domain at the protein’s intracellular C-
erminus. 22 TRPM7 conducts a range of di v alent cations such as
a 2 + , Mg 2 + , Zn 

2 + , Ni 2 + , Mn 

2 + , and Co 2 + into cells via the chan-
el domain. 23 , 24 The TRPM7 protein is expr essed ubiquitousl y

n mammals, where it is critical for regulating both organis-
al and cellular Mg 2 + homeostasis. While TRPM7 knock-out is

mbr yonic lethal, 25 dysr egulated TRPM7 acti vity r e pr esents an
mportant factor in a variety of diseases, including neuronal
eath in ischemia, 26 cardiac atrial fibrillation, 27 and renal dis-
ases. 28–30 TRPM7 also plays a key role in several fibrotic dis-
r ders, including car diac, 31 hepatic, 32 pulmonary, 33 and renal
brosis. 34 TRPM7 also drives cell proliferation, cell growth, apop-
osis, and differentiation, thereby contributing to hyperprolifer-
ti v e diseases such as cancer. 22 , 35 , 36 

TRPM7 is suppressed b y ph ysiological amounts of intracel-
ular adenosine triphosphate (Mg ·ATP) and Mg 2 + . 37–39 Inhibition
f TRPM7’s enzymatic activity by genetic modification of its
ndogenous kinase domain reduces the sensitivity of TRPM7 to
ts intracellular inhibitors Mg 2 + and Mg ·ATP. 40 The binding of

g ·ATP to the kinase domain is r equir ed to phosphor ylate other
r otein targets, wher eas TRPM7 channel domain function is not
 equir ed for enzymatic activity of the TRPM7 kinase function. 

Previous work has demonstrated the ability of cannabinoids
o modulate calcium signaling through various TRP channels 15 

nd calcium r elease-acti v ated calcium (CRAC) channels. 41 We
 ecentl y r e ported that CBGA w as the most potent canna binoid
uppr essing stor e-operated calcium entr y (SOCE) and IL-2 pr o-
uction in T cells. 41 Building upon this initial discov er y, we
howed that CBGA also decreased IL-2 production and ame-
iorated kidney inflammation in an acute ne phr opathic mouse

odel. 28 Additionall y, CBGA r educed kidney fibr osis in a pr o-
r essi v e r enal fibr otic model. 28 Encoura ged by this in vi v o r esult,
e explored the mechanism behind the r enal-pr otecti v e pr op-

rties of CBGA. We showed a novel mechanism by which CBGA
educes kidney disease at least in part owing to its inhibitory
ction on TRPM7, indicating the potential therapeutic impact of
BGA on both acute and chronic kidney disease. In this commu-
ication we characterize the mechanistic interaction between
RPM7 and CBGA and r e port that the inhibitory action of CBGA
n TRPM7 r equir es its kinase domain to remain functional and

s modulated by both intracellular and Mg ·ATP, free Mg 2 + , and
ree Ca 2 + . 

aterials and Methods 

ell Culture 

 etracycline (T et)-inducib le HEK293-TREx cells, sta b l y trans-
ected with human TRPM7 (hTRPM7), wer e cultur ed in Dul-
ecco’s Modified Eagle Medium (DMEM) (Gibco) containing 10%
etal bovine serum (FBS, Gibco), zeocin (0.4 mg/mL, Invitro-
en), and blasticidin (5 μg/mL, Invitrogen). HEK293 cells sta-
 l y transfected with the phosphotr ansfer ase activity-deficient
oint mutation in the hTRPM7 kinase domain, hTRPM7/K1648R
nd hTRPM7/G1799D, wer e cultur ed in the same medium. Tet-
nducible human TRPM6 + human TRPM7 HEK293-TREx cells
ere maintained in DMEM medium containing 10% FBS, zeocin

0.4 mg/mL), blasticidin (5 μg/mL), and hygromycin (0.4 mg/mL,
hemi Cruz). Ov er expr ession w as induced by adding 1 μg/mL
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etracycline (Gibco) to the culture medium. Patch-clamp exper- 
ments were performed 18-21 h post-tetracycline induction. 
EK293-TREx cells were transiently transfected with green fluo- 
 escent pr otein (GFP)-ta gged human TRPM6 plasmid using Lipo- 
ectamine 2000 (Invitrogen). Whole-cell patch-clamp experi- 

ents were carried out 26 h post-transfection. Expression of 
uman TRPM6 constructs was identified by green fluorescence. 
266 cells were cultured in RPMI-1640 medium (Gibco) contain- 

ng 10% FBS. Cells were maintained at 37 ◦C under 5% CO 2 con- 
itions. 

 hole-cell Pa tch-Clamp Recording 

atc h-clamp experiments w ere performed in the whole-cell 
onfiguration. Currents were elicited by a ramp protocol from 

100 to + 100 mV over 50 ms acquired at 0.5 kHz and a hold-
ng potential of 0 mV. Outw ard curr ent amplitudes ov er the 
ourse of the experiment were extracted at + 80 mV, inward 

urr ents wer e extracted at -80 mV, and plotted versus time. 
ata were normalized to cell size measured immediately after 
hole-cell break-in (pA/pF). Capacitance was measured using 

he automated capacitance cancellation function of the EPC-9 
HEKA, Germany). All values are given as mean ± SEM. Patch 

ipettes (Sutter Instrument, CA) were pulled and polished, had 

 tip resistance of 2-3 M � when filled with internal solution. 
tandard extracellular solution contained (in m m ): 140 NaCl, 2.8 
Cl, 2 MgCl 2 , 1 CaCl 2 , 10 HEPES-NaOH, and 11 Glucose (pH 7.2, 
00 mOsm). Standard pipette-filling solution for screening of 
annabinoids on inducible hTRPM7/HEK293 cells contained (in 

 m ): 130 K-glutamate, 8 NaCl, 1 MgCl 2 , 10 EGTA, and 10 HEPES- 
OH. For other patch-clamp experiments using hTRPM7/HEK293 
ells, internal cellular solution contained (in m m ): 140 Cs- 
lutamate, 8 NaCl, 10 Cs-BAPTA, 10 HEPES-CsOH. Na-ATP, 
gCl 2 , and CaCl 2 were supplemented with desired concentra- 

ions of [Mg ·ATP] i , [Mg 2 + ] i , and [Ca 2 + ] I as calculated with Web-
axC ( https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/ 
axc helator/w ebmaxc/w ebmaxcS.htm ). For the experiments of 

BGA preincubation and TRPM6/TRPM7, internal cellular solu- 
ion contained (in m m ): 130 Cs-glutamate, 8 NaCl, 10 Cs-BAPTA, 
0 HEPES-CsOH, 1 Na-ATP, and 1.764 MgCl 2 . Cells were incubated 

n extracellular solution containing 1.8 μm CBGA or acetonitrile 
s a control, patch-clamp was started after 10 mins and con- 
inued by 60 mins. For intr acellular CBGA patc h-clamp experi- 

ents, eac h concentr ation of CBGA was added in the same inter- 
al cellular solution to the experiment of CBGA preincubation. 
or transiently transfected TRPM6, internal solution contained 

in m m ): 130 Cs-glutamate, 8 NaCl, 10 Cs-BAPTA, and 10 HEPES- 
sOH. For U266 cells, internal solution contained (in m m ): 140 
s-glutamate, 8 NaCl, 1 MgCl 2 , 10 EGTA, and 10 HEPES-CsOH. All 

nternal solutions were adjusted to pH 7.2, 300 mOsm. Cannabi- 
oids were diluted to each concentration with the extracellu- 

ar solution used for patch-clamp experiments. Acetonitrile was 
iluted in extracellular solution and used as a control applica- 
ion. 

igh-Throughput Screening Bioassay 

266 cells were incubated in fresh culture medium supple- 
ented with 2 μm Fura-2-AM (Invitrogen), 0.1% Pluronic F-127 

Sigma-Aldrich), and 2 m m Probenecid (Sigma) and incubated at 
7 ◦C under 5% CO 2 for 1 h. Cells were washed 3 times with solu-
ion containing (in m m ): 140 NaCl, 2.8 KCL, 10 HEPES-NaOH, 11 
lucose (pH 7.2, 300 mOsm) after Fura-2-AM incubation, fresh 

olution was added, 50 000 cells were plated in eac h w ell of 
lac k 96-w ell plates with clear bottom (Greiner, Austria), and 

ransferred to a kinetic plate reader (Hamamatsu FDSS-7000EX, 
amamatsu Photonics KK, Japan). Baseline fluorescence was 
easured for 1 min before application of cannabinoids (0, 1, 

, 5, 10, and 30 μm , r especti v el y). After 10 min incubation with
annabinoids, 0.5 m m MnCl 2 was applied. Data acquisition con- 
inued for another 340 s. Fluorescence was excited at 360 nm, 
nd emission was measured at 510 nm to visualize intracellu- 
ar Mn 

2 + quench of Fura-2. Data were normalized to the point 
efore application of MnCl 2 (650-659 s), and Mn 

2 + quench was 
easured at 661-690 s into the experiment. The 0 μm cannabi- 

oid trace was set as maximum quench (100% TRPM7 activity) 
s a vehicle control. 

tatistical Analysis 

ll values were given as means ± SEM. 

esults 

annabigerolic Acid is a Potent TRPM7 Inhibitor 

anna binoids hav e pr eviousl y been shown to modulate mem- 
ers of the TRP channels. 4 , 15 , 16 , 42 We pr eviousl y r e ported 

hat TRPM7 is inv olv ed in the pr ogr ession of kidney damage
nd fibrosis 30 and recently found that CBGA confers a reno- 
r otecti v e effect at least partially through blocking of the TRPM7

on channel. 28 We ther efor e performed a whole-cell patch- 
lamp screen of 22 pure cannabinoids at a concentration of 
0 μm against the TRPM7 channel inducib l y ov er expr essed in
EK293 cells. Figure 1 shows the strong inhibition of TRPM7 

n response to various cannabinoids applied extracellularly for 
20 s. Figure 1 A illustrates the av era ged temporal development 
f TRPM7 outward currents at + 80 mV derived from high- 
 esolution outw ardl y r ectifying membrane curr ents ev oked by
 olta ge ramps spanning −100 to + 100 mV over 50 ms ( Figure 1 C).
he outward currents under our experimental conditions are 
arried by monovalent Cs + , whereas the much smaller inward 

urr ents ar e carried by di v alent cations Ca 2 + and Mg 2 + . Applica-
ion of 10 μm CBGA completel y b locked both the outward cur-
 ents ( Figur e 1 A) as well the m uch smaller inw ard curr ents as
llustrated in a typical individual cell for the + 80 and −80 mV
 Figures 1 A and B). 

F or con v enience r easons and due to their larger amplitudes,
e analyzed the effects of 22 cannabinoids on TRPM7 outward 

urrents. Examples of the inhibitory effects of various cannabi- 
oids applied at 10 μm are illustrated in Figure 1 D and the bar
raph in Figure 1 E quantifies the efficacy of the various cannabi- 
oids by plotting the r elati v e amplitudes of TRPM7 outward 

urrents at 260 s into the experiment. The acidic versions of 
anna binoids (exce pt CBDVA) inhibited TRPM7 acti vity by mor e 
han 75% ( Figure 1 E; blue bars) and most of the decarboxy- 
ated cannabinoids had no significant effect, except for CBG 

hich had a modest inhibition of 43% ( Figure 1 E; red bars). How-
ver, 2 varinol forms of cannabinoids, cannabigerovarin (CBGV) 
nd canna bidi v arin (CBDV) str ongl y suppr essed TRPM7 curr ent
ctivity by 81% and 93%, respectively. 

Since CBGA and CBDV exhibited the strongest inhibition 

o TRPM7, we next performed experiments to assess their 
oncentration-response behavior on TRPM7 ( Figure 2 ). At a con- 
entration of 10 μm , CBDV completel y suppr essed TRPM7 cur- 
 ents ( Figur e 2 A; purple circles), whereas 3 μm CBDV inhibited
0% ( Figure 2 A; blue circles) and 1 μm resulted in 11% inhi-
ition ( Figure 2 A; red circles). The dose-response curve fitted 

https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm
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Figure 1. Cannabinoids are potent inhibitors of TRPM7 currents. The inhibitory effect of cannabinoids on TRPM7 current was assessed in whole-cell patch-clamp 
recordings on hTRPM7 ov er expr essed in HEK293 cells. In all experiments, the intracellular solution contained free Mg 2 + at 780 μm with no added Mg ·ATP. Cannabinoids 
w ere applied extr acellularly at 10 μm from 140 to 260 s (black bars). Average TRPM7-mediated outward currents at + 80 mV were extracted from ramp currents evoked 

by v olta ge ramps ( −100 to + 100 mV) deli v er ed at 0.5 Hz and plotted as a function of time. The data points were normalized to the time point of cannabinoid application 
(140 s). ( A ) Inhibition of TRPM7 outw ard curr ents by canna biger olic acid (CBGA) at + 80 mV. ( B ) Outward and inw ard curr ents (at + 80 and −80 mV; note the different 
y -axes scales) taken from a typical cell taken from ( A ), illustrating that CBGA inhibited both inward and outward currents. ( C ) High-resolution currents as a function 
v olta ge ev oked by v olta ge ramps of −100 to + 100 mV fr om the same cell as in ( B ) before (140 s) and after application of CBGA (260 s). ( D ) Av era ge TRPM7 outw ard 

currents at + 80 mV ( n = 3-4) exposed to v arious canna binoids (onl y canna binoids with str ong inhibition illustr ated). ( E ) Bar gr aph comparing the remaining TRPM7 
currents at the end of each cannabinoid application (260 s). 
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o these data yielded a half-maximal inhibitory concentration
IC 50 ) of CBDV of 3.4 ± 0.2 μm ( Figure 2 C; black). Similarly, 1
m CBGA suppressed 35% of TRPM7 ( Figure 2 B; red circles), 0.3
m inhibited TRPM7 by 26% ( Figure 2 B; green circles), and the
alculated IC 50 was 1.8 ± 0.6 μm ( Figure 2 C; red circles). Taken
ogether, these data suggest that CBDV and CBGA provide a
trong and rapid block of TRPM7 currents in a dose-dependent
anner and ther efor e emerge as the most potent inhibitors of
RPM7. t  
We noticed that the inhibition of TRPM7 by low doses of CBGA
as slow and accompanied by a slow and small increase in cell
embrane capacitance 0.3-0.6 pF at concentrations of 5-10 μm

data not shown), indicating that the compound might parti-
ion into and possib l y cr oss the plasma membrane to inhibit
RPM7. In the absence of a steady-state inhibition during the
20 s acute extracellular application of CBGA, the cannabi-
oid’s true IC 50 value could well be lower if applied for longer

imes and/or administered intracellularly. To test this notion, we

art/zqad069_f1.eps
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Figure 2. Canna biger olic acid (CBGA) and canna bidi v arin (CBDV) ar e a potent TRPM7 inhibitors. The inhibitory effect of CBDV and CBGA on TRPM7 curr ent w as 
assessed in whole-cell patch-clamp recordings on hTRPM7 ov er expr essed in HEK293 cells. The levels of free Mg 2 + and Mg ·ATP (if present) are indicated in the graphs. 

Canna binoids wer e applied extracellularl y at the indicated concentrations from 140 to 260 s (bars). Av era ge TRPM7-mediated outw ard curr ents at + 80 mV wer e 
extr acted from r amp curr ents ev oked by v olta ge ramps ( −100 to + 100 mV) deli v er ed at 0.5 Hz and plotted as a function of time. The data points were normalized to 
the time point of cannabinoid application (140 s). ( A ) CBDV concentrations of 1 μm ( n = 7), 3 μm ( n = 12), and 10 μm ( n = 3) were applied. Standard Ringer without 
cannabinoid contained acetonitrile as vehicle and was used as control ( n = 3). ( B ) Cannabigerolic acid concentrations of 0.3 μm ( n = 24), 1 μm ( n = 6), 3 μm ( n = 6), 

and 10 μm ( n = 3) were applied. ( C ) Concentration-r esponse curv es of CBDV and CBGA on TRPM7 currents. Data points were obtained from the normalized currents 
in panels ( A ) and ( B ) at 260 s. Data fits yielded IC 50 values for CBDV of 3.4 ± 0.2 μm and for CBGA of 1.8 ± 0.6 μm . ( D ) Cells were preincubated with either acetonitrile 
as vehicle control ( n = 16) or 1.8 μm CBGA ( n = 13) for 10-60 min prior to whole-cell recordings. ( E ) Cannabigerolic acid concentrations of 0.3 μm ( n = 7), 0.6 μm ( n = 8), 

and 1 μm ( n = 6) were applied intracellularly. Standard intracellular solution without cannabinoid contained acetonitrile as vehicle and was used as control ( n = 5). ( F ) 
Concentration-r esponse curv e of intracellular CBGA on TRPM7 curr ents. Data points wer e obtained fr om the normalized curr ents in panel ( E ) at 200 s. Data fit yielded 
an IC 50 value for CBGA of 407 ± 46 n m . 

p
t
c
t
b
r
C
t  

p
d
p
s
(
m

I
T

T
t
h
T
u
t
m
i
d

s
r
i
h
s  

t
i
m
C
c
f
f
w  

c  

p

t
h
c
M
M  

T
o
H
i  

i
c

reincubated cells with the previously calculated IC 50 concen- 
ration of 1.8 μm CBGA for 10-60 min and then recorded TRPM7 
urrents in patch-clamp recordings. This resulted in a stronger 
han 50% inhibition ( Figure 2 D), suggesting that longer incu- 
ations allowed CBGA to approach steady state, but may still 
 e pr esent an underestimate as in whole-cell recordings with 

BGA-free intracellular solutions CBGA could escape through 

he patch pipette and gradually alleviate the b lock. Ther efor e , w e
erformed additional experiments in which we perfused CBGA 

ir ectl y into the cytosol by including it in patch pipette. Indeed, 
erfusing cells with increasing concentrations of CBGA potently 
uppr essed TRPM7 curr ents, r esulting in an IC 50 value 407 n m 

 Figure 2 F), suggesting that CBGA inhibits TRPM7 at submicro- 
olar concentrations from the cytosolic side. 

nhibitory Effect of CBGA is Selecti v e for TRPM7 Over 
RPM6 

RPM7 shares significant structural and functional characteris- 
ics with its sister channel TRPM6 22 , 43 , 44 and both can even form 

eter omeric assemb lies with distinct properties. 45–47 TRPM6 and 

RPM7 have distinct tissue distributions in that TRPM7 is ubiq- 
itousl y expr essed, 48 wher eas TRPM6 is primaril y expr essed in 

he kidney and intestine, where it plays a significant role in 

a gnesium r ea bsorption. 44 Both pr oteins ar e di v alent-selecti v e 
on channels 39 , 47 , 49 , 50 and they both possess a functional kinase 
omain. 43 , 51 Their main functional differences are divergent 
ensitivities to free Mg 2 + and Mg ·ATP. Thus, TRPM7 is negatively 
egulated by physiological levels of Mg ·ATP, 39 whereas TRPM6 
s largely insensitive to the adenine nucleotide complex 46 and 

eteromeric channels that include TRPM6 are much less sen- 
iti v e to Mg ·ATP. 45 , 46 Conv ersel y, TRPM6 is exquisitely sensi-
i v e to even low micromolar free Mg 2 + levels, 46 whereas TRPM7 
s regulated by hundreds of micromolar levels. 37 , 39 To deter- 

ine CBGA’s selectivity for TRPM7, we assessed the effects of 
BGA on TRPM6 channels transientl y ov er expr essed in HEK293 
ells. 46 TRPM6 currents activated extremely rapidly when per- 
used with Mg 2 + -free intracellular solutions, likely due to the dif- 
usional escape of cytosolic Mg 2 + ions. 46 Applying 10 μm CBGA 

 as completel y ineffecti v e in inhibiting full y acti v ated TRPM6
urr ents ( Figur e 3 A), wher eas this concentration of CBGA com-
letel y b locks TRPM7 curr ents (see Figur e 2 B). 

Unfortunately, TRPM6 channels cannot be recorded under 
he same experimental conditions as TRPM7 owing to their 
igh sensitivity to free Mg 2 + , so that these experiments were 
onducted with intracellular solutions devoid of free Mg 2 + and 

g ·ATP. As will be shown below, the absence of Mg 2 + and 

g ·ATP also gr eatl y diminishes the efficacy of CBGA to inhibit
RPM7. For this reason, we investigated the effects of CBGA 

n heteromeric TRPM7/TRPM6 channels stably overexpressed in 

EK293 cells and recorded with intracellular solutions contain- 
ng 700 μm Mg 2 + and 860 μm Mg ·ATP. As illustrated in Figure 3 B,
ncreasing concentrations of CBGA inhibited these heteromeric 
hannels, but with significantly lower potency than pr eviousl y 

art/zqad069_f2.eps
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Figure 3. Homomeric TRPM6 and heterormeric channels of TRPM7 and TRPM6 are less sensitive to cannabigerolic acid (CBGA) inhibition. The same experimental 
protocol as in Figure 2 B but recorded in HEK293 cells transiently overexpressing TRPM6 or stably transfected with heteromeric TRPM7 and TRPM6 channels. ( A ) TRPM6 

currents in transiently transfected HEK293 cells evoked by perfusing cells with 0 Mg 2 + and Mg ·ATP. The data points were normalized to the time point before 10 μm 

CBGA ( n = 10) application (200 s). Standard Ringer without cannabinoid contained acetonitrile as vehicle and was used as control ( n = 9). ( B ) Heteromeric TRPM6/TRPM7 
curr ents in sta b l y transfected HEK293 cells. The data points were normalized to the time point before CBGA application (140 s). Concentrations of 0.3 μm ( n = 7), 1 μm 

( n = 7), 5 μm ( n = 8), and 10 μm ( n = 10) were applied from 140 to 260 s (bar). Standard Ringer without cannabinoid contained acetonitrile as vehicle and was used as 

control ( n = 5). ( C ) The concentration-response curve of CBGA on heteromeric TRPM7/TRPM6 currents (IC 50 = 8 ± 2.5 μm ). Data points for the curve were obtained from 

the normalized currents in panel ( A ) at 260 s. 

Figure 4. The inhibitory effect of cannabigerolic acid (CBGA) on TRPM7 requires a functional TRPM7 kinase domain. The same experimental protocol as in Figure 2 B but 
recorded in HEK293 cells stable transfected with the phosphotransferase activity-deficient point mutations K1648R and G1799D. The levels of free Mg 2 + and Mg ·ATP 
are indicated in the graphs. ( A ) The data points were normalized to the time point before cannabinoid application (140 s). Concentrations of 0.3 μm ( n = 13), 1 μm 

( n = 12), 3 μm ( n = 7), 5 μm ( n = 7), and 10 μm ( n = 7) were applied from 140 to 260 s (bar). Standard Ringer without cannabinoid contained acetonitrile as vehicle and 
was used as control ( n = 7). ( B ) The concentration-response curve of CBGA on K1648R TRPM7 currents (IC 50 = 20.2 ± 12.9 μm ). Data points for the curve were obtained 
from the normalized currents in panel ( A ) at 260s. ( C ) The same experimental protocol as in Figure panel ( A ) but recorded in HEK293 cells stable transfected with the 
phosphotr ansfer ase activity-deficient point mutation G1799D. The data points were normalized to the time point before cannabinoid application (140 s). CBGA was 

applied at 5 μm ( n = 7) and standard Ringer without cannabinoid contained acetonitrile as vehicle and was used as control ( n = 5). 
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domain. 
etermined for TRPM7 (see Figures 2 B and C), resulting in an IC 50 

alue of 8 μm ( Figure 3 C) and suggesting that TRPM6 is much less
r not at all susce ptib le to CBGA inhibition. 

nhibitory Effect of CBGA Requires a Functional Kinase 
omain 

he inhibitory effect of CBGA on TRPM7 is consistent with
he pr eviousl y described suppr ession observ ed in our acute
e phr opathic mouse model study. 28 Gi v en the unique bifunc-

ional properties of the protein (possessing both an ion channel
unction and protein kinase activity), we investigated whether
BGA inhibits TRPM7 via its endogenous kinase domain. Uti-

izing 2 HEK293 cell lines ov er expr essing phosphotr ansfer ase
cti vity-deficient v ersions of human TRPM7 carr ying point
utations K1648R or G1799D in the kinase domain. 40 Lysine

esidue K1648 is essential for Mg ·ATP binding and its r e place-
ent with arginine K1648R results in a complete loss of a

RPM7 kinase activity. 40 Similarly, the glycine residue G1799
s thought to coordinate the Mg 2 + ion of adenine nucleotides
nd its mutation to aspartic acid G1799D also results in loss
f kinase activity. We examined the inhibitory effect of CBGA
n both these mutants’ currents. While 10 μm CBGA com-
letel y b locked TRPM7 curr ents in TRPM7/WT ov er expr ess-

ng HEK293 cells (92.4%, Figure 2 B; purple), it inhibited the
RPM7/K1648R mutant cell line by just 36% ( Figure 4 A; pur-
le). Mor eov er, CBGA concentrations of 0.3, 1, and 3 μm showed
o significant inhibition of TRPM7 currents ( Figure 4 A; green,
 ed, and b lue circles, r especti v el y), suggesting that an acti v e
inase domain is r equir ed for CBGA inhibition. The IC 50 of
BGA in the TRPM7/K1648R mutant was 20.2 ± 12.9 μm ( Figure
 B), much higher than the TRPM7/WT value of 1.8 ± 0.6 μm
nd currents recorded from HEK293 cells overexpressing the
ther phosphotr ansfer ase-deficient mutant (G1799D) w ere com-
letely unaffected by 5 μm CBGA ( Figure 4 C). Based upon these
ndings, we conclude that the potent CBGA-mediated inhibi-
ion of TRPM7 currents requires a functional TRPM7 kinase
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nhibition of TRPM7 By CBGA is Sensitized By Mg 

2 + and 

g ·ATP 

oth Mg ·ATP and Mg 2 + are known to bind to the TRPM7 kinase 
omain and are critical for its phosphotr ansfer ase activity. Both 

lso regulate TRPM7 channel function as they cause a reduc- 
ion in TRPM7 channel activity. 37 , 39 , 40 As illustrated in Figure 
 , CBGA was less effective at inhibiting TRPM7 currents in the 
RPM7/K1648R point mutant cell line and completely ineffec- 

i v e in the TRPM7/G1799D m utant, pr ompting us to investigate 
hether the CBGA-mediated inhibition of TRPM7 was affected 

 y intracellular le v els of fr ee Mg 2 + and/or Mg ·ATP. Figur e 5 A
hows that at a physiological intracellular concentration of 780 
m free Mg 2 + , 5 μm CBGA blocked 50% of TRPM7 currents with 

ither 1 ( Figure 5 A; green) or 2 m m Mg ·ATP ( Figure 5 A; blue)
n HEK293 cells ov er expr essing hTRPM7/WT. Howev er, omitting 

g ·ATP dramatically limited the inhibitory effect of 5 μm CBGA 

n TRPM7 to just 6.8% ( Figure 5 A; black circles). 
We next determined the inhibitory efficacy of 5 μm CBGA 

n the presence of various concentrations of free Mg 2 + in the 
resence of a constant intracellular Mg ·ATP concentration of 
 m m ( Figure 5 B). Free Mg 2 + by itself will inhibit TRPM7 in a
oncentr ation-dependent manner ( F igure 5 D; black) with an IC 50 

f 883 ± 251 μm . The application of CBGA under these condi- 
ions did not significantly alter this relationship. In the presence 
f 5 μm CBGA, physiological levels of 780 μm free Mg 2 + inhib- 

ted 50% of TRPM7 currents ( Figure 5 B; green), and 1 m m free
g 2 + slightly enhanced the inhibition of TRPM7 currents to 57% 

 Figure 5 B; red). Conversely, lowering the concentration of free 
g 2 + to 240 μm gr eatl y diminished the inhibitory effect of CBGA 

o just 26% ( Figure 5 B; orange). The IC 50 of intracellular free Mg 2 + 

n the presence of 5 μm CBGA was calculated to be 878 ± 96 μm 

 Figur e 5 D; b lue) in HEK293 cells ov er expr essing TRPM7/WT. This
s v er y similar to the inhibition by fr ee Mg 2 + in the a bsence of
BGA, suggesting that a constant CBGA concentration does not 
ignificantly alter the Mg 2 + -sensitivity of TRPM7. 

To further probe the Mg 2 + -dependence of CBGA, we exam- 
ned whether CBGA r equir es Mg ·ATP for Mg 2 + -de pendent TRPM7 
nhibition. Here , w e omitted 1 m m Mg ·ATP from the intracellu- 
ar medium and assessed the dose-response behavior at varying 
oncentrations of intracellular free Mg 2 + . Figure 5 C illustrates 
hat the inhibitory effect of 5 μm CBGA on TRPM7 was largely 
ost in the presence of both 780 μm ( Figure 5 C; green) and 240
m free intracellular Mg 2 + ( Figure 5 C; orange). However, CBGA’s 

nhibitory effect on TRPM7 was partially restored at 1 m m free 
g 2 + , at which concentration TRPM7 currents were again inhib- 

ted by 32% when exposed to 5 μm CBGA ( Figure 5 C; red). The
 bov e r esults demonstrate that the inhibitory effect of a con- 
tant dose of CBGA on TRPM7 is enhanced and sensitized by the 
resence of intracellular Mg 2 + and Mg ·ATP in a dose-dependent 
anner. 

To further support the notion that the binding of Mg ·ATP 
nd/or Mg 2 + to the kinase domain of TRPM7 is crucial to ena b le 
BGA-mediated modulation of TRPM7 currents, we used HEK293 
ells ov er expr essing the kinase-deficient TRPM7/K1648R point 
 utant. Her e, 5 μm CBGA was less effecti v e at suppr essing

RPM7 currents in the kinase mutant cells when intracellu- 
ar levels of free Mg 2 + were progressively reduced from 1 m m 

26%, Figure 5 E; red), to 780 μm (19%, Figure 5 E; green), and 240
m (7%, Figure 5 E; orange). Additionally, there was no inhibitory 
ffect in Mg 2 + -free conditions in the presence of 1 m m Mg ·ATP 
n the TRPM7/K1648R ov er expr essing HEK293 cells ( Figur e 5 E; 
 lack). Her e, the TRPM7/K1648R mutant cells provided a higher 
C 50 value of intracellular free Mg 2 + of 2.2 ± 0.7 m m ( Figure 
 D; red) as compared to 878 ± 96 μm in TRPM7/WT cells. Not
urprisingly, under intracellular Mg ·ATP-free conditions, the 
nhibitory effect of CBGA on TRPM7 currents was essen- 
iall y a bsent, r egardless of the fr ee Mg 2 + concentration in
RPM7/K1648R ov er expr essing HEK293 cells ( Figure 5 F). Taken 

ogether, these data suggest that the CBGA-mediated inhibition 

f TRPM7 currents not only requires a functional kinase domain, 
ut also needs Mg ·ATP and/or free Mg 2 + to be effective. 

Ca 

2 + ] i Reduces the Inhibitory Effect of CBGA on TRPM7 

e have previously reported that TRPM7 regulates SOCE 52 and 

av e r ecentl y demonstrated that CBGA suppresses IL-2 produc- 
ion in T cells through SOCE inhibition. 41 Ther efor e , w e assessed
he effect of intracellular calcium on CBGA’s ability to inhibit 
RPM7. The absence of intracellular free Ca 2 + allowed 10 μm 

BGA to completel y b lock TRPM7 curr ents ( Figur e 6 A; b lack)
n hTRPM7/WT ov er expr essing cells. Howev er, the pr esence of
hysiological free Ca 2 + of 75 n m reduced the inhibitory effect of 
BGA on TRPM7 to 48% ( Figure 6 A; blue), and this effect was
xacerbated at higher fr ee Ca 2 + concentrations, wher e CBGA- 
ediated inhibition was reduced to 36% at 150 n m free Ca 2 + 

 Figur e 6 A; r ed) and 33% at 300 n m fr ee Ca 2 + ( Figur e 6 A; gr een).
he EC 50 of intracellular free Ca 2 + concentration was 71 ± 3 n m 

 Figure 6 B), right around resting levels of free Ca 2 + . 
Next, we investigated this effect of intracellular Ca 2 + 

n HEK293 cells ov er expr essing the kinase-deficient K1648R 

utant of TRPM7 in response to 10 μm CBGA. Figure 6 C demon-
trates that intracellular Ca 2 + -free conditions were less efficient 
t reducing the inhibitory effect of 10 μm CBGA on TRPM7 in 

RPM7/K1648R ov er expr essing cells (29%, Figure 6 C; black) com- 
ar ed to TRPM7/WT ov er expr essing HEK293 cells (69%, Figur e
 A; black). Unlike the situation in wild-type cells, increasing 
ntracellular free Ca 2 + to 150 n m in these TRPM7/K1648R over- 
xpressing HEK293 cells maintained a 29% inhibition and failed 

o significantly affect the CBGA-mediated inhibition of TRPM7 
 Figure 6 C; red). Taken together, these results suggest that the 
fficacy of CBGA-mediated inhibition of TRPM7 decreases when 

ntracellular free Ca 2 + increases and, similarly to the free Mg 2 + 

odulation, this effect appears to occur through the TRPM7 
inase domain. 

BGA Inhibits Nati v e TRPM7 Currents in B 

ymphocytes 

he results presented above demonstrate that CBGA inhibits 
urr ents thr ough TRPM7 channels heter ologousl y ov er expr essed
n HEK293 cells. We next inv estigated nati v el y expr essed,
ndogenous TRPM7 currents in the B lymphocyte m y eloma cell 
ine U266, where TRPM7 has pr eviousl y been shown to be one
f the main channels inv olv ed in multiple m y eloma dissemi-
ation. 53 We assessed the inhibitory effect of CBGA on nati v e 
RPM7 activity in U266 cells in both in cell populations using flu- 
rescence quenching of Fura-2 and in individual cells using the 
hole-cell patc h-clamp tec hnique . Since TRPM7 c hannels are 

onstituti v el y acti v e at low lev els and conduct di v alent cations
uch as Ca 2 + , Mg 2 + , Mn 

2 + , and Zn 

2 + , TRPM7 channel function
an be assayed using Mn 

2 + as a surrogate for ion transport 
hrough TRPM7, 50 , 54 although cells have additional pathways 
hat allow Mn 

2 + influx. Permeation of Mn 

2 + results in the fluo- 
escence quenching of the calcium indicator Fura-2. 50 , 54 , 55 Using 
 kinetic plate reader, we monitored the real-time Mn 

2 + quench- 
ng of Fura-2 by various concentrations of CBGA in U266 cells. 

e used the TRPM7 inhibitor NS8593 30 , 52 , 56 as a positi v e contr ol,
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Figure 5. Canna biger olic acid (CBGA) inhibits TRPM7 currents in an Mg ·ATP- and Mg 2 + -dependent manner. ( A ) The effect of Mg ·ATP on suppression of TRPM7/WT 

currents by CBGA. The internal solution contained 780 μm intracellular free Mg 2 + and additionally Mg ·ATP concentrations of 0 m m ( n = 6), 1 m m ( n = 6), and 2 m m 

( n = 6). A 5 μm CBGA was applied from 140 to 260 s (bar). The data points were normalized to the time point before CBGA application (140 s). ( B ) The effect of free 
intracellular Mg 2 + on the inhibition of TRPM7/WT currents by CBGA. The internal solution contained 1 m m Mg ·ATP and additionally free Mg 2 + concentrations of 0 μm 

( n = 7), 240 μm ( n = 6), 780 μm ( n = 6), and 1 m m ( n = 7). A 5 μm CBGA was applied from 140 to 260 s (bar). ( C ) Same experimental protocol as in ( B ) but the internal 

solution contained 0 m m Mg ·ATP and additionall y fr ee Mg 2 + concentrations of 0 μm ( n = 4), 240 μm ( n = 6), 780 μm ( n = 6), and 1 m m ( n = 7). A 5 μm CBGA was applied 
from 140 to 260 s (bar). ( D ) Concentration-response curves of free Mg 2 + on TRPM7/WT currents without CBGA (EC 50 = 883 ± 251 μm ), on TRPM7/WT exposed to 5 μm 

CBGA in WT (EC 50 = 878 ± 96 μm ), and on TRPM7/K1648R mutant (red; EC 50 = 2.2 ± 0.7 m m ). Data points for the curves were obtained from the normalized currents in 
panels ( B ) and ( E ) at 260 s and at 140 s for WT control without CBGA. ( E ) The effect of free intracellular Mg 2 + on the inhibition of K1648R currents by CBGA. The internal 

solution contained 1 m m Mg ·ATP and additionall y fr ee Mg 2 + concentrations of 0 μm ( n = 5), 240 μm ( n = 7), 780 μm ( n = 7), and 1 m m ( n = 6). A 5 μm CBGA was applied 
from 140 to 260 s (bar). ( F ) Same experimental protocol as in ( E ) but the internal solution contained 0 m m Mg ·ATP and additionally free Mg 2 + concentrations of 0 μm 

( n = 5), 240 μm ( n = 6), 780 μm ( n = 6), and 1 m m ( n = 7). A 5 μm CBGA was applied from 140 to 260 s (bar). 

Figure 6. Calcium interferes with TRPM7 inhibition by canna biger olic acid (CBGA). ( A ) The effect of intracellular free Ca 2 + on TRPM7 inhibition by CBGA. The internal 
solution w as buffer ed to fr ee Ca 2 + concentrations of 0 n m ( n = 6), 75 n m ( n = 7), 150 n m ( n = 7), and 300 n m ( n = 7) using 10 m m BAPTA and appropriate concentrations 
of CaCl 2 . A 10 μm CBGA was applied from 140 to 260 s (bar). The data points were normalized to the time point before CBGA application (140 s). ( B ) The concentration- 

r esponse curv e of intracellular calcium to inhibit TRPM7 currents by 10 μm CBGA (EC 50 = 71 ± 3 n m ). Data points for the curv e wer e obtained fr om the normalized 
currents in panel ( A ) at 260 s. ( C ) The same experimental protocol as in ( A ) using 0 n m ( n = 7) and 150 n m free Ca 2 + ( n = 6) in K1648R TRPM7 ov er expr essing HEK293 
cells. 
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hich at 10 μm suppressed 51% of the nati v e TRPM7 acti vity in
266 cells. CBGA dose-de pendentl y inhibited Mn 

2 + quenching of
ur a-2 ( F igure 7 A) with an IC 50 of 4.8 ± 1.1 μm ( F igure 7 B). Next,
e assessed the inhibitory effect of CBGA on nati v e TRPM7 cur-
 ents in indi vidual cells using the whole-cell patc h-clamp tec h-
ique . Here , 5 μm CBGA significantl y b locked TRPM7 curr ents by
7% ( Figures 7 C and D; blue) and 10 μm CBGA completely blocked
RPM7 curr ents ( Figur es 7 C and D; r ed) compar ed to v ehicle con-

r ol application ( Figur es 7 C and D; b lack). These data suggest that
BGA can suppress native TRPM7 channel activity at low micro-
olar concentrations. 

iscussion 

e hav e pr eviousl y r e ported an interplay between TRPM7
nd SOCE, where TRPM7 regulates SOCE through its kinase
omain. 52 In addition, we have found that TRPM7 expression
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Figure 7. Canna biger olic acid (CBGA) inhibits nati v e TRPM7 curr ents in U266 cells. ( A ) U266 cells were used to inv estigate the inhibitor y efficacy of CBGA in TRPM7- 
specific bioassay using fluorescence quenching of Fura-2 by Mn 2 + influx (1 μm GdCl 3 was used to block Mn 2 + entry through SOCE in all wells). Cells were were pretreated 
with various concentrations of CBGA for 10 mins (bar) and then exposed to 0.5 m m external MnCl 2 (bar) to induce fluorescence quenching. NS8593 was used as positi v e 

contr ol to suppr ess TRPM7. ( B ) Concentration-r esponse curv e of CBGA on Mn 2 + -mediated fluorescence quench in U266 cells. Data points for the curve were obtained 
from the normalized Fura-2 quench in ( A ) at 1000 s. Data fit yielded a half-maximal inhibitory concentration IC 50 of 4.8 ± 1.1 μm . ( C ) Canna biger olic acid inhibition of 
nati v e TRPM7 curr ents in U266 cells using patch-clamp recordings. Cannabigerolic acid at concentrations of 5 μm ( n = 11) and 10 μm ( n = 10) were applied from 120 to 
320 s (bar). Standard Ringer’s solution without cannabinoid contained acetonitrile as vehicle and was used as control ( n = 6). Data points were normalized to the time 

point before application of CBGA (120 s). ( D ) Bars reflect TRPM7 current amplitudes obtained from panel ( C ) at the end of CBGA application (320 s). 
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s upregulated in inflammatory renal damage and kidney fibro- 
is, and pharmacological intervention with the TRPM7 inhibitors 
S8593 30 or CBGA 

28 provide a reno-protective effect. In the 
resent study, we identify and c har acterize the mec hanism of 
ction and the conditions that modulate the inhibitory effects 
f CBGA on TRPM7. This inhibitory effect requires a functional 
RPM7 C-terminal kinase ( Figures 4 and 5 ) and is concentration- 
e pendentl y enhanced by intracellular Mg 2 + and Mg ·ATP act- 

ng at the kinase domain’s Lys-1648 r esidue ( Figur e 5 ). We also
etermined that intracellular Ca 2 + interferes with the efficacy of 
BGA on TRPM7 acti vity ( Figur e 6 ), possib l y by competing with
g 2 + at the kinase locus. 

The pr esentl y most potent and selecti v e TRPM7 inhibitor 
s waixenicin A, a marine-derived xenicane diterpene isolated 

rom the soft coral Sarcothelia edmondsoni . Waixenicin A activ- 
ty is regulated by intracellular free Mg 2 + , and its potency 
 educed in TRPM7/K1648R ov er expr essing cells that harbor a 
oint mutation in kinase domain. 54 This suggests that waix- 
nicin A suppresses TRPM7 currents through Mg 2 + -dependent 
echanism at the kinase domain or a location that interacts 
ith this domain. Our results show that CBGA appears to pos- 

ess similar properties to waixenicin A in that CBGA synergizes 
ith intracellular Mg 2 + and Mg ·ATP to block TRPM7 channel 

ctivity. We propose that intracellular free Mg 2 + and Mg ·ATP 
acilitate binding and coordination of the CBGA molecule at 
he kinase domain itself or some allosteric site that interacts 
ith the kinase domain and ultimately results in inhibition of 
RPM7 channel activity. While we have demonstrated a func- 

ional interplay of cannabinoids with Mg 2 + and Mg ·ATP and 

inase domain mutations, we cannot rule out potential inter- 
ctions and binding sites outside the kinase domain, includ- 
ng the possibility that the autophosphorylation status of the 
hannel might be r elev ant. 51 , 57 , 58 Gi v en the fact that a sin- 
le point mutation in the cytosolic kinase domain essentially 
b literates CBGA’s a bility to b lock TRPM7 indicates that a rela- 
i v el y nonspecific and more general membrane-delimited effect 
s unlikely. Thus, our data provide good circumstantial evi- 
ence for the r equir ement of a functional kinase activity rather 
han a direct demonstration that CBGA binds to the kinase 
omain at its catalytic sites, although this remains an intrigu- 

ng scenario. This awaits additional bioc hemical/structur al w ork 
kin to that provided for other agonists and antagonists of 
RPM7. 59 
We pr eviousl y r e ported CBGA inhibits SOCE by virtue of
loc king CRAC c hannels subsequently suppressing IL-2 produc- 
ion in vitro and impeding the production of numerous inflam- 

atory cytokines in vivo in mouse kidney. 41 Since TRPM7 can 

lso modulate SOCE via its kinase activity, CBGA could have a 
ual effect on calcium influx by inhibiting SOCE dir ectl y and 

ndir ectl y via TRPM7. Mor eov er, since the present study estab-
ishes that high intracellular Ca 2 + interferes with the efficacy of 
BGA’s inhibitory action of TRPM7 acti vity ( Figur e 5 ), ther e may
e yet another synergistic effect of CBGA in play. As CBGA can 

nhibit SOCE and reduce intracellular Ca 2 concentrations when 

tim ulated, the r eduction of intr acellular Ca 2 + w ould facilitate 
BGA’s suppression of TRPM7 channels and further suppress 
OCE, 52 thereby providing a positive feedback loop to reduce 
OCE-mediated inflammation. These interconnected inhibitory 
ffects may be the underlying mechanisms that endow CBGA 

ith strong anti-inflammatory properties. 
Although both CBD and CBG appear to have anti- 

nflammatory effects in vivo 60 ), we found that CBGA, but 
ot CBD, suppressed mRNA expression of inflammatory 
ytokines and TRPM7 protein in a cisplatin-induced model 
f acute kidney injury. 28 Interestingly, CBD was generally 

neffecti v e in r educing most inflammator y markers and the 
ombination of CBGA + CBD treatment reduced most mRNA 

ev els similarl y to CBGA tr eatment, although the suppr essi v e
ffect was somewhat less in some cytokines, possibly indicating 
egati v e cooperati vity effects of these cannabinoids when com- 
ined. 28 In patch-clamp experiments, we found that CBD didn’t 
uppr ess TRPM7 curr ents 28 and in the pr esent study, we found
hat the additional presence of 10 μm CBD did not significantly 
ffect the IC 50 of CBGA on TRPM7 currents. Interestingly, CBD 

evertheless seemed to limit the total extent of CBGA-mediated 

nhibition to ∼85%, which could help explain its apparent 
eduction of CBGA’s inhibitory efficacy on TRPM7 in vivo in the 
e phr opathic model. 

Our manuscript provides data on the effects of CBGA, a 
ompound that is generally regarded as safe and consumed 

y people as a nutraceutical. Its potency under physiological 
ree Mg 2 + and Mg ·ATP conditions (intracellular IC 50 of 407 n m )
s higher than most other TRPM7 inhibitors (eg, NS8953 56 and 

ER155008 61 ), with the possib le exce ption of waixenicin A, 
hich has an IC 50 value in the low nanomolar range and exhibits 
 similar regulation by Mg 2 + and nucleotides as CBGA 

54 or 
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CT128930, 62 which inhibits TRPM7 with IC 50 values of 0.63 to
.86 μm inde pendentl y of intracellular fr ee Mg 2 + lev els. 62 Inter-
stingly, CCT128930 is a known ATP-competiti v e pr otein kinase
 inhibitor, although its inhibitory activity on TRPM7 was pro-
osed to inv olv e r esidues near the TRPM7 selecti vity filter rather
han the kinase domain. 62 While some r e ports hav e claimed
ubmicr omolar IC 50 v alues for NS8953 and VER155008 as well,
hey were either obtained through indirect measurements of
a 2 + entry induced by naltriben or under nonph ysiological le v-
ls of 0 Mg 2 + and MgATP in the presence of HEDTA (completely
i v alent-fr ee). In intact cells under physiological conditions,
her e cytosolic lev els of Mg 2 + and Mg ·ATP are in the hundreds
f micromolar or several millimolar, NS8953 and VER155008 typ-

call y r equir e sev eral micr omolar concentrations to exhibit sig-
ificant effects. 30 , 56 Canna biger olic acid exhibits submicr omolar
otencies when allowed longer exposure to gain cytosolic access
r is administered intracellularly, where it inhibits with an IC 50 

f 407 n m (see Figures 2 D-F). 
While 10 μm CBGA is needed to achieve complete block, the

C 50 is submicromolar when administered intracellularly and 1.8
m when applied acutely, extracellularly, and for 120 s. Note

hat in our in vi v o study on kidney disease, 28 we observed effi-
acy at 10 mg/kg i.p. injections. Pharmacokinetic data indicate
hat CBGA at that dose injected i.p. can reach Cmax values
4 μg/mL in plasma, 63 which is equi v alent to 180 μm with a
lateau of 20 μg/mL over 2 h. So even if one assumed poor
ioav aila bility of 99% bound to serum albumins, one might still
chieve low micromolar levels in plasma. Given the transloca-
ion into the cytosol and potential accumulation and retention,
ne might achieve effective levels of CBGA that can account for
he observed biological effects, 28 although another study used
BGA at 30-100 mg/kg in their anticon vulsant assa ys. 17 While

herapeuticall y effecti v e dosing of CBGA is unknown, the main-
enance dose of another cannabinoid (cannabidiol or CBG; Epid-
olex) in humans is 25 mg/kg/d. Aside from its potential ther-
peutic value, CBGA appears to be a polyspecific inhibitor that
argets CRAC channels and SOCE with submicromolar IC 50 from
he extracellular side 41 and TRPM7 with similar potency from
he cytosolic side. Inter estingl y, both of these targets interact
ith each other in that TRPM7 plays a role in refilling intracel-

ular stores and modulates CRAC channel activity via its kinase
omain 

52 and conv ersel y, Ca 2 + entr y via CRAC channels would
odulate the efficacy of CBGA in suppressing TRPM7 (see Figure
 ). 

In summary, CBGA can no w be regar ded as a potent sub-
icromolar inhibitor of both SOCE via CRAC channels on the

xtracellular side as well as calcium and magnesium entry via
RPM7 channels on the cytosolic side. Inhibiting CRAC chan-
els can have therapeutic potential in various medical condi-

ions, primarily those involving immune system dysfunction or
alcium dysregulation and particularly those in which lympho-
ytes play a prominent role. Some of the medical conditions in
hic h CRAC c hannel inhibitors might be ther apeutically use-

ul include autoimmune and aller gic disor ders, 64 , 65 transplant
 ejection, 66 pancr eatic diseases, 67 chr onic pain, 68 , 69 and various
ancers. 70–72 The additional inhibitory effects of CBGA on TRPM7
an not only potentiate the suppression of SOCE through the reg-
lation of CRAC channels via its kinase domain, 52 but also offer
dditional therapeutic areas in which TRPM7 plays an impor-
ant role of its own. This includes cardiac h ypertroph y, arrh yth-

ias, and vascular smooth muscle contraction, 27 , 73–75 neurolog-
cal disorders such as Alzheimer’s, Parkinson’s, e pile psy str oke,
nd ischemia, 26 , 76–82 kidney disorders, 28 , 30 , 83 , 84 and various can-
ers. 23 , 36 , 85–89 
c kno wledgments 

e thank Ms. Carissa Kim for excellent technical support. 

uthor Contributions 

 .S . and A.F. performed patch-clamp experiments and analy-
es. S .S ., C.W., and M.M. performed high-thr oughput scr eening
xperiments and analyses. A.C. prepared all cannabinoids. All
uthors wrote, edited, and re vie wed the manuscript. 

unding 

his work was supported by the National Center for Com-
lementary and Inte gr ative Health of the National Institutes
f Health under award number R01AT011162 (R.P.), by Hama-
atsu/Queen’s PET Imaging LLC (S .S .), and by the National Insti-

ute of Neurological Disorders and Stroke under award number
61NS124922 (A.F.). The content is solely the responsibility of the
uthors and does not necessarily represent the official views of
he National Institutes of Health. 

onflict of Interest 

he authors declare that they have no conflicts of interest with
he contents of this article. A.F. holds the position of Editorial
oard Member for Function and is blinded from re vie wing or mak-

ng decisions for the manuscript. 

a ta Av ailability 

he data underlying this article will be shared on r easona b le
equest to the corresponding author. 

eferences 

. Urits I, Bor c hart M, Hase gawa M, et al. An update of cur-
r ent canna bis-based pharmaceuticals in pain medicine. Pain
Ther . 2019; 8 (1):41–51. 

. Russo E. Cannabinoids in the management of difficult to
treat pain. Ther Clin Risk Manag . 2008; 4 (1): 245–259. 

. Cassano T, Villani R, Pace L, et al. From cannabis sativa
to canna bidiol: pr omising therapeutic candidate for the
treatment of neurode gener ative diseases. F r ont Pharmacol
2020; 11 (124): 1–10. 

. Russo EB, Marcu J. Cannabis pharmacology: the usual sus-
pects and a few promising leads. Adv Pharmacol . 2017; 80 :67–
134. 

. Lewis M, Russo E, Smith K. Pharmacological foundations of
canna bis chemov ars. Planta Med . 2018; 84 (4):225–233. 

. Khan H, Ghori FK, Ghani U, et al. Cannabinoid and endo-
cannabinoid system: a promising therapeutic intervention
for multiple sclerosis. Mol Biol Rep . 2022; 49 (6):5117–5131. 

. Abd-Nikfarjam B, Dolati-Somarin A, Bar adar an Rahimi V,
et al. Cannabinoids in neuroinflammatory disorders: focus-
ing on multiple sclerosis, parkinsons, and alzheimers dis-
eases. Biofactors . 2023: 49 (3):560–583, 

. Haddad F, Dokmak G, Karaman R. The efficacy of cannabis
on m ultiple scler osis-r elated symptoms. Life . 2022; 12 (5):682.

. Lazarini-Lopes W, Do Val-da Silva RA, da Silva-J únior RMP,
et al. Cannabinoids in audiogenic seizures: from neuronal
networks to future perspectives for epilepsy treatment. F r ont
Behav Neurosci . 2021; 15 (611902): 1–16. 



Suzuki et al. 11 

1

1

1

1

1

1

1

1

1

1

2

2  

2

2

2

2

2  

2

2

2  

3

3  

3

3

3

3
 

3  

3

3

3
 

4

4

4

4

4

4

4

4  
0. Russo EB. Cannabis and epilepsy: an ancient treatment 
returns to the fore. Epilepsy Behav . 2017; 70 (Pt B)292–297. 

1. Reddy DS. Therapeutic and clinical foundations of 
cannabidiol therapy for difficult-to-treat seizures in chil- 
dren and adults with r efractor y e pile psies. Exp Neurol . 
2023; 359 :114237. 

2. McDougall JJ, McKenna MK. Anti-inflammatory and anal- 
gesic properties of the cannabis terpene m yr cene in r at 
adjuvant monoarthritis. Int J Mol Sci . 2022; 23 (14):7891. 

3. Maayah ZH, Takahara S, Ferdaoussi M, et al. The anti- 
inflammatory and analgesic effects of formulated full- 
spectrum cannabis extract in the treatment of neuro- 
pathic pain associated with multiple sclerosis. Inflamm Res . 
2020; 69 (6):549–558. 

4. Zou S, Kumar U. Cannabinoid receptors and the endo- 
cannabinoid system: signaling and function in the central 
nervous system. Int J Mol Sci . 2018; 19 (3):833. 

5. De Petrocellis L, Ligresti A, Moriello AS, et al. Effects of 
canna binoids and canna binoid-enric hed cannabis extr acts 
on TRP channels and endocannabinoid metabolic enzymes: 
novel pharmacology of minor plant cannabinoids. Br J Phar- 
macol . 2011; 163 (7):1479–1494. 

6. Muller C, Morales P, Reggio PH. Cannabinoid ligands target- 
ing TRP channels. Front Mol Neurosci . 2019; 11 :487. 

7. Anderson LL, Heblinski M, Absalom NL, et al. Cannabigerolic 
acid, a major biosynthetic precursor molecule in cannabis, 
exhibits di v ergent effects on seizur es in mouse models of 
e pile psy. Br J Pharmacol . 2021; 178 (24):4826–4841. 

8. D’Aniello E, Fellous T, Iannotti FA, et al. Identifica- 
tion and c har acterization of phytocannabinoids as novel 
dual PPAR α/ γ agonists by a computational and in vitro 
experimental approach. Biochim Biophys Acta Gen Subj . 
2019; 1863 (3):586–597. 

9. Calapai F, Cardia L, Esposito E, et al. Pharmacological 
aspects and biological effects of canna biger ol and its 
synthetic deri v ati v es. Evid Based Complement Alternat Med . 
2022; 2022 (3336516): 1–14. 

0. Burgaz S, Garc ı́a C, G ́omez-Ca ̃ nas M, et al. Neur opr otection 

with the canna biger ol quinone deri v ati v e VCE-003.2 and its 
analogs CBGA-Q and CBGA-Q-Salt in parkinson’s disease 
using 6-hydroxydopamine-lesioned mice. Mol Cell Neurosci 
2021; 110 (4): 103583. 

1. Valdeoli v as S, Nav arr ete C, Cantar er o I, et al. Neur opr o-
tecti v e pr operties of canna biger ol in huntington’s disease: 
studies in R6/2 mice and 3-Nitr opr opionate-lesioned mice. 
Neurotherapeutics 2015; 12 (1):185–199. 

2. Fleig A, Chubanov V. TRPM7. Handb Exp Pharmacol . 
2014; 222 :521–546. 

3. Trapani V, Arduini D, Cittadini A, et al. From magne- 
sium to magnesium transporters in cancer: TRPM7, a novel 
signature in tumour development. Magnes Res 2013; 26 (4): 
149–155. 

4. Nadolni W, Zierler S. The channel-kinase TRPM7 as 
nov el r egulator of imm une system homeostasis. Cells . 
2018; 7 (8):109. 

5. Ryazanova LV, Rondon LJ, Zierler S, et al. TRPM7 is essen- 
tial for Mg(2 + ) homeostasis in mammals. Nat Commun . 
2010; 1 (1):109. 

6. Chen W, Xu B, Xiao A, et al. TRPM7 inhibitor carv acr ol pr o-
tects brain from neonatal hypoxic-ischemic injury. Molecular 
Brain . 2015; 8 (1):11. 

7. Du J, Xie J, Zhang Z, et al. TRPM7-mediated Ca2 + signals 
confer fibrogenesis in human atrial fibrillation. Circ Res . 
2010; 106 (5):992–1003. 
8. Suzuki S, Fleig A, Penner R. CBGA ameliorates inflammation 

and fibrosis in nephropathy. Sci Rep . 2023; 13 (1):6341. 
9. Meng Z, Wang X, Yang Z, et al. Expression of transient r ece p-

tor potential melastatin 7 up-regulated in the earl y sta ge of 
r enal ischemia-r e perfusion. Transplant Proc . 2012; 44 (5):1206– 
1210. 

0. Suzuki S, Penner R, Fleig A. TRPM7 contributes to pr ogr es- 
si v e ne phr opathy. Sci Rep . 2020; 10 (1):2333. 

1. Guo J-L, Yu Y, Jia Y-Y, et al. Transient r ece ptor potential
melastatin 7 (TRPM7) contributes to H2O2-induced cardiac 
fibrosis via mediating Ca(2 + ) influx and extracellular signal- 
regulated kinase 1/2 (ERK1/2) activation in cardiac fibrob- 
lasts. J Pharmacol Sci . 2014; 125 (2):184–192. 

2. Fang L, Huang C, Meng X, et al. TGF- β1-elevated TRPM7 
c hannel re gulates colla gen expr ession in he patic stellate 
cells via TGF- β1/Smad pathway. Toxicol Appl Pharmacol . 
2014; 280 (2):335–344. 

3. Yu M, Huang C, Huang Y, et al. Inhibition of TRPM7 channels 
pr ev ents pr oliferation and differ entiation of human lung 
fibr ob lasts. Inflamm Res . 2013; 62 (11):961–970. 

4. Xu T, Wu B-M, Yao H-W, et al. Novel insights into TRPM7 
function in fibrotic diseases: a potential therapeutic target. 
J Cell Physiol . 2015; 230 (6):1163–1169. 

5. Middelbeek J, Kuipers AJ, Henneman L, et al. TRPM7 
is r equir ed for br east tumor cell metastasis. Cancer Res .
2012; 72 (16):4250–4261. 

6. Meng X, Cai C, Wu J, et al. TRPM7 mediates breast cancer cell
migration and invasion through the MAPK pathway. Cancer 
Lett . 2013; 333 (1):96–102. 

7. Demeuse P, Penner R, Fleig A. TRPM7 channel is regulated by 
ma gnesium n ucleotides via its kinase domain. J Gen Physiol . 
2006; 127 (4):421. 

8. Kerschbaum HH, Kozak JA, Cahalan MD. Pol yv alent cations 
as permeant probes of MIC and TRPM7 pores. Biophys J . 
2003; 84 (4):2293–2305. 

9. Nadler MJS, Hermosura MC, Inabe K, et al. LTRPC7 is a 
Mg ·ATP-r egulated di v alent cation channel r equir ed for cell
viability. Nature . 2001; 411 (6837):590–595. 

0. Sc hmitz C, Perr aud A-L, Johnson CO, et al. Regulation 

of vertebrate cellular Mg2 + homeostasis by TRPM7. Cell . 
2003; 114 (2):191–200. 

1. Faouzi M, Wakano C, Monteilh-Zoller MK, et al. Acidic 
canna binoids suppr ess pr oinflammator y cytokine r elease 
by blocking store-operated calcium entry. Function . 
2022; 3 (4):zqac033. 

2. Storozhuk MV, Zholos AV. TRP channels as novel targets for 
endogenous ligands: focus on endocannabinoids and noci- 
ce pti v e signalling. Curr Neuropharmacol . 2018; 16 (2):137–150. 

3. Schlingmann KP, Waldegger S, Konrad M, et al. TRPM6 and 

TRPM7—gatekeepers of human magnesium metabolism. 
Biochim Biophys Acta Mol Basis Dis . 2007; 1772 (8):813–821. 

4. Chubanov V, Gudermann T. TRPM6. Handb Exp Pharmacol . 
2014; 222 :503–520. 

5. Ferioli S, Zierler S, Zaißerer J, et al. TRPM6 and TRPM7 dif- 
fer entiall y contribute to the relief of heteromeric TRPM6/7 
channels from inhibition by cytosolic Mg2 + and Mg ·ATP. Sci 
Rep . 2017; 7 (1):8806. 

6. Zhang Z, Yu H, Huang J, et al. The TRPM6 kinase 
domain determines the Mg ·ATP sensitivity of TRPM7/M6 
heteromeric ion channels. J Biol Chem . 2014; 289 (8): 
5217–5227. 

7. Li M, Jiang J, Yue L. Functional c har acterization of homo- and
heteromeric channel kinases TRPM6 and TRPM7. J Gen Phys- 
iol . 2006; 127 (5):525–537. 



12 FUNCTION , 2023, Vol. 5, No. 1 

4  

 

4  

 

5  

 

5  

 

5  

 

5  

5  

 

 

5  

 

5  

 

 

 

5  

 

 

5  

 

 

5  

 

6  

 

 

6  

 

6  

 

6  

 

 

6  

 

6  

 

 

6  

 

6  

6  

 

6  

7  

 

7  

 

7  

7  

 

7  

 

 

7  

 

 

7  

 

7  

 

 

7  

 

7  

 

8  

 

8  

 

 

 

8  

8  

 

8  

8  

 

8  
8. Fonfria E, Murdock PR, Cusdin FS, et al. Tissue distribution
profiles of the human TRPM cation channel family. J Recept
Signal Transduct Res . 2006; 26 (3):159–178. 

9. Voets T, Nilius B, Hoefs S, et al. TRPM6 forms the Mg 2 + influx
channel inv olv ed in intestinal and renal Mg 2 + absorption. J
Biol Chem . 2004; 279 (1):19–25. 

0. Monteilh-Zoller MK, Hermosura MC, Nadler MJS, et al.
TRPM7 provides an ion channel mechanism for cellular
entry of trace metal ions. J Gen Physiol . 2003; 121 (1):49–60. 

1. Sc hmitz C, Perr aud AL, CO J, et al. Regulation of vertebrate
cellular Mg2 + homeostasis by TRPM7. Cell . 2003; 114 (2):191–
200. 

2. Faouzi M, Kilch T, Horgen FD, et al. The TRPM7 chan-
nel kinase regulates store-operated calcium entry. J Physiol .
2017; 595 (10):3165–3180. 

3. Morelli MB, Amantini C. Transient receptor potential (TRP)
channels: markers and therapeutic targets for cancer? 
Biomolecules . 2022; 12 (4):547. 

4. Zierler S, Yao G, Zhang Z, et al. Waixenicin a inhibits cell
pr oliferation thr ough ma gnesium-de pendent b loc k of tr an-
sient r ece ptor potential melastatin 7 (TRPM7) channels. J Biol
Chem . 2011; 286 (45):39328–39335. 

5. Fasolato C, Hoth M, Penner R. Multiple mechanisms of
manganese-induced quenching of fura-2 fluorescence in rat
mast cells. Pflugers Ar c h . 1993; 423 (3–4):225–231. 

6. Chubanov V, Mederos y Schnitzler M, Meißner M, et al.
Natural and synthetic modulators of SK (K(ca)2) potas-
sium channels inhibit ma gnesium-de pendent acti vity of
the kinase-coupled cation channel TRPM7. Br J Pharmacol .
2012; 166 (4):1357–1376. 

7. Cai N, Lou L, Al-Saadi N, et al. The kinase activity of the
channel-kinase protein TRPM7 regulates stability and local-
ization of the TRPM7 channel in polarized epithelial cells. J
Biol Chem . 2018; 293 (29):11491–11504. 

8. Clark K, Middelbeek J, Morrice NA, et al. Massi v e autophos-
phorylation of the Ser/Thr-rich domain controls pro-
tein kinase activity of TRPM6 and TRPM7. PLoS One .
2008; 3 (3):e1876. 

9. Nadezhdin KD, Correia L, Narangoda C, et al. Structural
mechanisms of TRPM7 acti v ation and inhibition. Nat Com-
mun . 2023; 14 (1):2639. 

0. Henshaw FR, Dewsbury LS, Lim CK, Steiner GZ. The Effects
of Cannabinoids on Pro- and Anti-Inflammatory Cytokines:
A Systematic Re vie w of In Vi v o Studies. Cannabis Cannabinoid
Res . 2021; 6 (3):177–195. 

1. R ̈ossig A, Hill K, N ̈orenberg W, et al. Pharmacological agents
selecti v el y acting on the channel moieties of TRPM6 and
TRPM7. Cell Calcium . 2022; 106 :102640. 

2. Guan Z, Chen X, Fang S, et al. CCT128930 is a novel and
potent antagonist of TRPM7 channel. Biochem Biophys Res
Commun . 2021; 560 :132–138. 

3. Anderson LL, Low IK, Banister SD, et al. Pharmacokinet-
ics of phytocannabinoid acids and anticonvulsant effect of
cannabidiolic acid in a mouse model of dravet syndrome. J
Nat Prod . 2019; 82 (11):3047–3055. 

4. Feske S, Skolnik EY, Pr akriy a M. Ion channels and trans-
porters in lymphocyte function and immunity. Nat Rev
Immunol . 2012; 12 (7):532–547. 

5. Bakowski D, Murray F, Parekh AB. Store-operated Ca2 +
c hannels: mec hanism, function, pharmacology, and ther-
apeutic targets. Annu Rev Pharmacol Toxicol . 2021; 61 (1):629–

654. 
6. McCarl C-A, Khalil S, Ma J, et al. Store-operated Ca2 + entry
through ORAI1 is critical for t cell-mediated autoimmunity
and allograft rejection. J Immunol . 2010; 185 (10):5845–5858. 

7. Ger asimenko OV, Ger asimenko JV. CRAC c hannel inhibitors
in pancreatic pathologies. J Physiol . 2022; 600 (7):1597–1598. 

8. Tsujikawa S, DeMeulenaere KE, Centeno MV, et al. Regula-
tion of neuropathic pain by microglial Or ai1 c hannels. Sci
Adv . 2023; 9 (4):eade7002. 

9. Mei Y, Barrett JE, Hu H. Calcium release-activated calcium
channels and pain. Cell Calcium . 2018; 74 :180–185. 

0. Tiffner A, Hopl V, Derler I. CRAC and SK channels: their
molecular mechanisms associated with cancer cell devel-
opment. Cancers . 2022; 15 (1):101. 

1. Shapo valo v G, Gordienko D, Pre varska ya N. Store operated
calcium channels in cancer pr ogr ession. Int Rev Cell Mol Biol .
2021; 363 :123–168. 

2. Jardin I, Rosado JA. STIM and calcium channel complexes in
cancer. Biochim Biophys Acta . 2015; 6 (Pt B): 1418–1426 

3. Rios FJ, Zou Z-G, Harvey AP, et al. Chanzyme TRPM7 protects
against car dio vascular inflammation and fibrosis. Car diov asc
Res . 2020; 116 (3):721–735. 

4. Antunes TT, Callera GE, He Y, et al. Transient r ece p-
tor potential melastatin 7 cation channel kinase: new
player in angiotensin II-induced hypertension. Hypertension .
2016; 67 (4):763–773. 

5. Parajuli N, Valtuille L, Basu R, et al. Determinants of
ventricular arrhythmias in human explanted hearts with
dilated cardiom y opathy. Eur J Clin Invest . 2015; 45 (12):
1286–1296. 

6. Sun Y, Sukumaran P, Schaar A, et al. TRPM7 and its
role in neurode gener ative diseases. Channels . 2015; 9 (5):
253–261. 

7. Zhang S, Cao F, Li W, et al. TRPM7 kinase activity induces
am yloid- β de gr adation to r ev erse synaptic and cogniti v e
deficits in mouse models of Alzheimer’s disease. Sci Signal .
2023; 16 (793):eade6325. 

8. Abumaria N, Li W, Clarkson AN. Role of the chanzyme
TRPM7 in the nervous system in health and disease. Cell Mol
Life Sci . 2019; 76 (17):3301–3310. 

9. Sturgeon M, Wu P, Cornell R. SLC41A1 and TRPM7 in magne-
sium homeostasis and genetic risk for Parkinson’s disease.
J Neurol Neuromedicine . 2016; 1 (9): 23–28. 

0. Khalil A, Shekh-Ahmad T, Kovac S, et al. Drugs acting at
TRPM7 channels inhibit seizure-like activity. Epilepsia Open .
2023; 8 (3):1169–1174. 

1. Turlova E, Wong R, Xu B, et al. TRPM7 mediates neuronal
cell death upstream of calcium/calmodulin-dependent pro-
tein kinase II and calcineurin mechanism in neonatal
hypoxic-isc hemic br ain injury. Transl Str oke Res . 2021; 12 (1):
164–184. 

2. Aarts MM, Tymianski M. TRPM7 and ischemic CNS injury.
Neuroscientist . 2005; 11 (2):116–123. 

3. Lee C-T, Ng H-Y, Kuo W-H, et al. The role of TRPM7 in vas-
cular calcification: comparison between phosphate and ure-
mic toxin. Life Sci . 2020; 260 :118280. 

4. Liu A, Yang B. Roles of TRPM7 in renal ischemia-reperfusion
injury. Curr Protein Pept Sci . 2019; 20 (8):777–788. 

5. Liu H, Dilger JP, Lin J. A pan-cancer-bioinformatic-based
literatur e r e vie w of TRPM7 in cancers. Pharmacol Ther .
2022; 240 :108302. 

6. Meng L, Gu G, Bi L. Transient r ece ptor potential channels in
multiple m y eloma. Oncol Lett . 2022; 23 (4):108. 



Suzuki et al. 13 

87. Ji D, Fleig A, Horgen FD, et al. Modulators of TRPM7 and its 

8

89. Chinig ̀o G, Fiorio Pla A, Gkika D. TRP channels and small 

S

©

A

w

potential as a drug target for brain tumours. Cell Calcium . 
2022; 101 :102521. 

8. Meng S, Alanazi R, Ji D, et al. Role of TRPM7 kinase in cancer. 
Cell Calcium . 2021; 96 :102400. 
ubmitted: 22 September 2023; Revised: 27 November 2023; Accepted: 4 December 2023 

The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of American Physiological Society

ttribution-NonCommercial License ( https://creativecommons.org/licenses/by-nc/4.0/ ), which permits

ork is pr operl y cited. For commercial re-use, please contact journals.permissions@oup.com 
GTPases interplay in the main hallmarks of metastatic can- 
cer. F r ont Pharmacol . 2020; 11 :581455. 
. This is an Open Access article distributed under the terms of the Cr eati v e Commons 

 non-commercial re-use, distribution, and r e pr oduction in any medium, provided the original 

https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Materials and Methods
	Statistical Analysis
	Results
	Discussion
	Acknowledgments
	Author Contributions
	Funding
	Conflict of Interest
	Data Availability
	References

