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Abstract
P- glycoprotein (P- gp) is an efflux transporter at the blood– brain barrier (BBB) that 
hinders brain access of substrate drugs and clears endogenous molecules such as 
amyloid beta (Aβ) from the brain. As biometals such as copper (Cu) modulate many 
neuronal signalling pathways linked to P- gp regulation, it was hypothesised that the 
bis(thiosemicarbazone) (BTSC) Cu- releasing complex, copper II glyoxal bis(4- methyl- 
3- thiosemicarbazone) (CuII[GTSM]), would enhance P- gp expression and function at 
the BBB, while copper II diacetyl bis(4- methyl- 3- thiosemicarbazone) (CuII[ATSM]), 
which only releases Cu under hypoxic conditions, would not modulate P- gp expres-
sion. Following treatment with 25– 250 nM CuII(BTSC)s for 8– 48 h, expression of 
P- gp mRNA and protein in human brain endothelial (hCMEC/D3) cells was assessed 
by RT- qPCR and Western blot, respectively. P- gp function was assessed by meas-
uring accumulation of the fluorescent P- gp substrate, rhodamine 123 and intracel-
lular Cu levels were quantified by inductively coupled plasma mass spectrometry. 
Interestingly, CuII(ATSM) significantly enhanced P- gp expression and function 2- fold 
and 1.3- fold, respectively, whereas CuII(GTSM) reduced P- gp expression 0.5- fold and 
function by 200%. As both compounds increased intracellular Cu levels, the effect 
of different BTSC backbones, independent of Cu, on P- gp expression was assessed. 
However, only the Cu- ATSM complex enhanced P- gp expression and this was medi-
ated partly through activation (1.4- fold) of the extracellular signal- regulated kinase 1 
and 2, an outcome that was significantly attenuated in the presence of an inhibitor of 
the mitogen- activated protein kinase regulatory pathway. Our findings suggest that 
CuII(ATSM) and CuII(GTSM) have the potential to modulate the expression and func-
tion of P- gp at the BBB to impact brain drug delivery and clearance of Aβ.
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1  |  INTRODUC TION

The blood– brain barrier (BBB) is a highly selective gateway regu-
lating the influx of molecules from the systemic circulation into the 
brain and the efflux of molecules in the reverse direction (Hawkins 
& Davis, 2005). The BBB is anatomically defined by highly special-
ised brain endothelial cells that line the complex network of ce-
rebral microvasculature perfusing the brain (Abbott et al., 2010). 
These cells express numerous efflux transporter proteins on the 
luminal (blood- facing) surface, forming a biochemical barrier pro-
tecting the brain from potential xenobiotic infiltration (Nicolazzo 
et al., 2006). One of the most abundant and renowned transport-
ers known for its broad- substrate specificity leading to multidrug 
resistance is P- glycoprotein (P- gp) (Schinkel, 1999). P- gp is an 
ATP- binding cassette (ABC) transporter encoded by the human 
multidrug 1 resistance (MDR1) gene (Juliano & Ling, 1976; Ueda 
et al., 1987). P- gp has been termed the ‘gatekeeper’ to the brain 
because of its role in preventing a multitude of endogenous mole-
cules as well as drugs from entering into the brain (Schinkel, 1999). 
Numerous studies have compared the brain uptake of structur-
ally diverse compounds in P- gp deficient versus wild- type mice. 
There have been observations of up to 100- fold increases in the 
brain accumulation of P- gp substrates (e.g. ivermectin, vinblastine 
and loperamide) in P- gp deficient mice relative to wild- type mice, 
outcomes associated with increased neurotoxicity of these drugs 
(Kannan et al., 2010; Kusuhara et al., 1997; Schinkel et al., 1994; 
Schinkel et al., 1995; Schinkel et al., 1996). While this effect has 
been observed for many other drugs, countless approaches to 
inhibit P- gp- mediated BBB efflux of drugs as a mechanism to en-
hance central nervous system (CNS) access of therapeutics has 
failed to improve clinical outcomes (Atadja et al., 1998; Callaghan 
et al., 2014; Palmeira et al., 2012). Therefore, novel approaches to 
regulate P- gp expression and function are warranted to overcome 
the negative impact of this efflux transporter on the delivery of 
drugs into the CNS.

In addition to the role that P- gp plays in limiting CNS drug 
delivery, there is growing evidence that dysregulation of P- gp 
expression and function at the BBB contributes to the patho-
physiology of neurodegenerative diseases including, but not lim-
ited to, Alzheimer's disease (AD) (Karamanos et al., 2014; Qosa 
et al., 2016; van Assema et al., 2011; Vautier & Fernandez, 2009). 
P- gp has been shown to mediate the clearance of amyloid beta 
(Aβ), the toxic peptide that accumulates in the brain of individuals 
with AD (Kuhnke et al., 2007; Lam et al., 2001). Using a transgenic 
P- gp deficient mouse model, one study demonstrated increased 
accumulation of exogenously administered Aβ in the hippocampal 
region, and administration of a P- gp inhibitor elevated endoge-
nous brain Aβ levels in an AD mouse model (Cirrito et al., 2005). 

Furthermore, recent functional studies have used isolated brain 
capillaries from mice as well as cellular models to demonstrate 
P- gp- mediated transport of fluorescent Aβ, which was signifi-
cantly reduced in the presence of P- gp inhibitors (Chai et al., 2021; 
Hartz et al., 2010). Compelling evidence suggests that a decrease 
in P- gp expression at the BBB is part of the pathophysiology of 
AD, which ultimately impairs the capacity for normal Aβ clear-
ance, a pathological hallmark of AD (Deo et al., 2014; Vogelgesang 
et al., 2002). For example P- gp expression has been shown to be 
inversely correlated with brain Aβ accumulation and deposition 
(Chiu et al., 2015; Wijesuriya et al., 2010). In post- mortem brain 
samples, regions where there was an abundance of P- gp in brain 
microvessels were associated with diminished Aβ plaque burden 
when compared with the same regions of non- AD individuals (Deo 
et al., 2014; Jeynes & Provias, 2011). The efflux function of P- gp 
has also been shown to be diminished in AD using positron emis-
sion tomography (PET) imaging with the P- gp substrate [11C]ver-
apamil, where increased brain accumulation of this substrate was 
observed in individuals with AD relative to those without AD (van 
Assema et al., 2011). Furthermore, it has been shown that target-
ing intracellular signals known to up- regulate and restore P- gp in 
brain capillaries lead to a reduction in Aβ accumulation in a mouse 
model of AD (Hartz et al., 2010). Taken together, these studies 
suggest that approaches aimed at increasing P- gp expression and 
function could increase the clearance of Aβ and therefore attenu-
ate amyloid burden in individuals with AD.

Our laboratory has recently shown that an increase in human 
brain microvascular intracellular copper (Cu) was associated with 
an increase in the expression and function of P- gp (McInerney 
et al., 2018). This association was observed in immortalised human 
brain endothelial (hCMEC/D3) cells that were treated with a combi-
nation of Cu, zinc (Zn) and clioquinol (CQ), a metal chaperone which 
has been shown to bind to divalent metal cations and increase their 
uptake into neuronal cells (Crouch et al., 2011). However, in our pre-
vious studies, it could not be concluded that the positive effects of 
this combination of CQ, Cu and Zn on P- gp expression and function 
were purely Cu- mediated given that CQ can bind to other divalent 
metal ions, and has limited control over release and retention of 
cellular levels (Cherny et al., 2001; Donnelly et al., 2008). Therefore, 
as a way to more clearly ascertain the role of Cu on P- gp expres-
sion and function in hCMEC/D3 cells, the current study employed 
copper II bis(thiosemicarbazone) complexes (CuII(BTSCs)), a group 
of compounds that are designed to deliver exogenously bound Cu 
directly into cells (Donnelly et al., 2008). The copper II glyoxal bis(4- 
methyl- 3- thiosemicarbazone) (CuII(GTSM)) (Figure 1a) variant of 
the compound is known to readily release Cu and has been shown 
in various studies to activate pathways for which Cu is a key co- 
factor (Acevedo et al., 2018; Bica et al., 2014; Crouch et al., 2009; 
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Donnelly et al., 2008). The mitogen- activated protein kinase 
(MAPK) pathway and the downstream activation of extracellular 
signal- regulated kinases (ERK1/2) has been shown to be affected 
by CuII(BTSC)s (Acevedo et al., 2018; Crouch et al., 2009; Srivastava 
et al., 2016) and these pathways have been demonstrated to reg-
ulate P- gp expression (Nwaozuzu et al., 2003; Shao et al., 2016; 
Zhou et al., 2019). Furthermore, others have shown that CuII(GTSM) 
enhances neuronal bioavailability of Cu, leading to inhibition of 
glycogen synthase kinase 3 beta (GSK3β) (Hickey et al., 2011), a 
pathway which has been shown to regulate P- gp expression at the 
BBB (Harati et al., 2012; Lim et al., 2008; Shen et al., 2013). It is, 
therefore, possible that Cu released from CuII(GTSM) could impact 
these signalling pathways at the BBB, resulting in increased BBB 
expression of P- gp.

The aim of this study, therefore, was to assess the impact of 
increasing bioavailable Cu via CuII(GTSM) on the expression and 
function of P- gp in hCMEC/D3 cells as a model of the BBB. Copper 
II diacetyl bis(4- methyl- 3- thiosemicarbazone) (CuII(ATSM)), a com-
pound similar in structure to CuII(GTSM) (Figure 1b) was used as an 
intended negative control as it has previously been shown to not 
readily release Cu under normal conditions and only releases the ex-
ogenously bound Cu under hypoxic conditions (Dearling et al., 2002; 
Donnelly et al., 2008; Xiao et al., 2008). These studies, therefore, 
have the potential to modulate a key efflux transporter at the most 
important biological barrier protecting the brain not only to modu-
late the delivery of therapeutics into the CNS but also to enhance 
the brain clearance of Aβ.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Dimethyl sulphoxide (DMSO) (Cat# 41640, 2018), beta- 
mercaptoethanol (β- ME) (Cat# 63689, 2017) glycine (Cat# G8898, 
2019), glycerol (Cat# G5516, 2019), sodium dodecyl sulphate (SDS) 
(Cat# L3771, 2018), thiazolyl blue tetrazolium bromide (MTT) (Cat# 
M5655, 2019), ammonium persulphate (APS) (Cat# A3678, 2017), 
tetramethylethylenediamine (TEMED) (Cat# T9281, 2016), tris base 
(TRIZMA® base) (Cat# T1503, 2019), sodium chloride (Cat# S3014, 
2019), Triton® X- 100 (Cat# T8787, 2018), Tween® 20 (Cat# P2287, 
2019), rhodamine 123 (R123) (Cat# R8004, 2018), Dulbecco's phos-
phate buffer saline (D- PBS) (Cat# D8537, 2018), cOmplete™ mini 
protease inhibitor (Cat# 04693124001, 2018), phosSTOP™ phos-
phatase inhibitor cocktail tablets (Cat# 4906845001, 2020) and 
trypan blue (Cat# T8154, 2018) were purchased from Sigma- Aldrich 
(St Louis, MO). The fluorometric LDH assay kit (Cat# AB197000, 
2019) was purchased from Abcam (Cambridge, UK). Hank's 
Balanced Salt Solution (HBSS) (Cat# 14175095, 2020), Pierce™ 
bicinchoninic acid (BCA) protein assay kit (Cat# 23225, 2019) and 
Pierce™ IP lysis buffer (Cat# 87788, 2019) composed of 25 mM Tris– 
HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (w/v) NP- 40 and 5% (v/v) 
glycerol were purchased from Thermo Fisher Scientific (Rockford, 

IL). HyClone bovine serum albumin (BSA) (Cat# SH30574.02, 2020) 
was purchased from GE Healthcare Life Sciences (Little Chalfont, 
UK). 0.45 μm nitrocellulose membranes (Cat# 1620115, 2018) 
and low fluorescence PVDF 0.45 μm membrane (Cat# 1620264, 
2020), 40% (v/v) acrylamide/bis solution (37:1) (Cat# 161– 0148, 
2017), Precision Plus Protein™ Dual Xtra Standards (Cat# 1610377, 
2018), Mini- Protein® TGX™ Precast gels (4– 15% acrylamide) (Cat# 
4561084, 2019) and extra thick blot paper (Cat# 1703960, 2019) 
were purchased from Bio- Rad (Hercules, CA). Primary C219 mono-
clonal antibody for P- gp (Cat# 903701, RRID: AB_2565033, 2018) 
was purchased from BioLegend® and the primary mouse antibody 
for β- actin (Cat# ab3280, RRID: AB_303668, 2018) was purchased 
from Abcam (Cambridge, UK). Primary antibody for total p44/42 
MAPK (ERK1/2) (Cat# 9102, RRID: AB_330744, 2020) and phos-
pho- p44/42 MAPK (pERK1/2) (Cat# 9101, RRID: AB_331646, 2020) 
were purchased from Cell Signalling Technology (Danvers, MA). 
The MEK1/2 inhibitor U- 0126 (Cat# 70970, 2020) was purchased 
from Cayman Chemical (Ann Arbor, MI). Odyssey blocking buffer in 
PBS (Cat# LCR- 927- 40 000, 2018 discontinued), Intercept® block-
ing buffer in PBS (Cat# LCR- 927- 70 003, 2020), IRDye® 800CW 
goat anti- mouse (Cat# 926– 32 210, RRID: AB_621842, 2018) 
and IRDye® 680LT donkey anti- rabbit (Cat# 926– 68 023, RRID: 
AB_10706167, 2018) secondary antibodies, Intercept® blocking 
buffer and antibody diluent in TBS (Cat# LCR- 927- 60 001, 2020) 
were purchased from LI- COR. RNeasy® Plus mini kit (Cat# 74136, 
2019) was purchased from Qiagen. TaqMan® primer/probes for 
human MDR1 (sequence ID Hs01067802_m1, FAM), β- actin (se-
quence ID Hs_01060665_g1, FAM) and glyceraldehyde 3- phosphate 
dehydrogenase (GAPDH) (sequence ID = Hs0227258991_g1, FAM) 
(Cat# 4331182, 2020) were purchased from Applied Biosystems, 
Thermo Fisher Scientific. The immortalised human cerebral mi-
crovascular endothelial cell line (hCMEC/D3, RRID: CVCL_U985) 
(Weksler et al., 2005) was kindly provided by Dr. Pierre- Olivier 
Couraud (Inserm, Paris, France). This cell line was not authenticated 
by the authors and is not listed as a commonly misidentified cell line 
by the International Cell Line Authentication Committee (ICLAC). 
Endothelial basal medium- 2 (EBM2) media (Cat# 190860, 2018) was 
used for all hCMEC/D3 cell culture experiments and this growth 
media were supplemented with a growth factor kit (Cat# CC- 4176, 
2018) prior to cell seeding, proliferation and experiments: 0.01% 
(v/v) ascorbic acid, 0.01% (v/v) gentamicin/amphotericin, 0.01% (v/v) 
hydrocortisone, 0.025% (v/v) epidermal growth factor, 0.025% (v/v) 
insulin- like growth factor, 0.025% (v/v) vascular endothelial growth 
factor and 0.1% (v/v) b- splice variant fibroblast growth factor pur-
chased from Lonza (Walkersville, MD), 10 mM HEPES (Cat# H4034, 
2018), 1% (v/v) penicillin/streptomycin (Cat# P4458- 100ML, 2018) 
and 2.5% (v/v) fetal bovine serum (FBS) (Cat# 12003C, 2018) were 
purchased from Sigma- Aldrich (St Louis, MO). 0.25% trypsin– EDTA 
(w/v) (Cat# 25200072, 2018) was purchased from Thermo Fisher 
Scientific (Rockford, IL). Rat- tail collagen Type I (Cat# FAL354236, 
2018) and all plastic cell culture equipment including T75 flasks and 
6- 96- well plates were purchased from Corning (Corning, NY). The 
P- gp inhibitor PSC833 was a gift from Novartis (Basel, Switzerland).
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2.1.1  |  Bis(thiosemicarbazone) complexes

The BTSC compounds CuII(GTSM) (Beraldo et al., 1997; Blower 
et al., 2003; Dearling et al., 2002), CuII(ATSM), H2(ATSM), (Blower 

et al., 2003; Dearling et al., 2002; Gingras et al., 1962; West 
et al., 1997) and NiII(ATSM) (Jones & McCleverty, 1970; Southon 
et al., 2020; West et al., 1997) were synthesised as described previ-
ously. hCMEC/D3 cells were treated with CuII(BTSC) complexes at 
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a range of concentrations to assess P- gp expression and function. 
All stock BTSC compounds were dissolved in sterile DMSO and di-
luted in EBM2 media with 0.1% (v/v) DMSO in the final working 
solutions.

2.2  |  Methods

2.2.1  |  Culturing of cells and treatments

hCMEC/D3 cells were kept cryogenically frozen in vapour phase in a 
cryo- storage solution consisting of 5% (v/v) DMSO in heat- inactivated 
FBS prior to resuscitation. Before seeding cells, T75 flasks were pre- 
coated with 4 ml of a 0.1 mg/ml solution of collagen type I and incu-
bated for 1 h, before being washed with 10 ml of PBS. Vials containing 
approximately 1 million cells/ml of the cryo- storage solution were 
dispensed into T75 flasks containing 14 ml of EBM2 media supple-
mented with the aforementioned growth factors. Once seeding was 
complete (2 h), the media were aspirated off and replaced with fresh 
pre- warmed media to remove trace DMSO from the cryo- storage so-
lution. Cells were incubated at 37°C and 5% CO2, and the media were 
changed every 2 days until the flasks reached approximately 90– 100% 
confluence (approximately 4 days). Cells grown to confluence were 
rinsed twice with 10 ml of PBS after spent media removal, before being 
treated with 4 ml of trypsin/EDTA solution, and incubated at 37°C for 
4 min. This was followed by the addition of 11 mL of solution contain-
ing 2.5% (v/v) FBS in PBS to halt the trypsinisation process. Cells were 
removed and transferred to a 50 mL Falcon tube and an 80 μl aliquot 
of the cell suspension was combined with 20 μl of trypan blue stain-
ing solution and counted on a haemocytometer. The cell suspension 
was transferred to an Eppendorf 5810R centrifuge chamber and centri-
fuged at 650 rcf for 5 min. The supernatant was removed and pelleted 
cells were homogenised and diluted in an appropriate volume of pre- 
warmed EBM2 media, such that the volume to be transferred to any 
plate used throughout experiments would correspond to a cell seeding 
density of 20 000 cells/cm2. Experiments were conducted in 6- well 
plates for mRNA and protein expression, 24- well plates for determi-
nation of intracellular metal concentrations, 48- well plates for P- gp 
functional studies and 96- well plates for cell viability assays. All ex-
periments performed using the hCMEC/D3 cell line occurred between 
passages 27– 35 to minimise the potential of phenotypic changes as 
advised by Weksler et al. (Weksler et al., 2005). ARRIVE guidelines 
were not followed because no animals were used in the current study.

2.2.2  |  Assessment of cell viability and toxicity in 
response to CuII(GTSM) and CuII(ATSM)

hCMEC/D3 cells seeded into 96- well plates at 20 000 cells/cm2 
were treated for different durations and halted at approximately 
100% confluence (72 h). The treatment times were 8, 24, 48 and 72 h 
with CuII(GTSM) or CuII(ATSM) at concentrations ranging from 25 to 
500 nM. After the treatment period, cells were washed with warm 
PBS and then incubated with 0.45 mg/ml MTT reagent solution in 
blank EBM2 media for 4 h to allow the mitochondrial reductase en-
zymes of viable cells to reduce MTT to purple formazan. Following 
incubation, the MTT reagent was carefully removed and replaced 
with 150 μl of DMSO and shaken on an agitator for a further 30 min. 
10% (v/v) DMSO treatment was used as a positive control to induce 
cell death and background absorbance was obtained by adding MTT 
reagent to wells containing no cells. Absorbance was read at 540 nm 
using the Enspire absorbance spectrophotometer (PerkinElmer, 
Waltham, MA). Background absorbance was subtracted from all 
other wells before analysis and the absorbance of treatment groups 
was averaged and normalised against the average of vehicle (0.1% 
(v/v) DMSO) controls to be comparatively expressed as a percentage 
of cell viability.

To account for the variance in cell density with treatment times 
and the observable detachment of cells following CuII(BTSC) treat-
ments, lactate dehydrogenase (LDH) activity was also measured to 
assess cellular damage and cytotoxicity. The LDH assay followed 
standard operating procedures according to the manufacturer's 
protocols. In brief, hCMEC/D3 cells were treated identically to 
the MTT assays for 24, 48 and 72 h treatments with CuII(BTSC) 
complexes. A 10 μl aliquot of cell media was taken and diluted 
1:5 with LDH assay buffer to a total sample volume of 50 μl and 
plated on to a clear flat- bottom 96- well plate along with equal vol-
umes of known concentration of NADH standards. To each well, 
a 50 μl aliquot of reaction mix (91% (v/v) LDH assay buffer, 5% 
(v/v) PicoProbe and 4% (v/v) LDH substrate mix) was added and 
incubated at 37°C for 10 min and then measured on the Enspire 
fluorescence spectrophotometer at excitation and emission wave-
lengths of 535 and 587 nm, respectively. Samples were blank 
corrected, and concentrations were determined from a validated 
standard curve of NADH standard solutions of known concentra-
tions. The extracellular LDH activity for each well was expressed 
as a percentage of the LDH activity from the vehicle control (0.1% 
(v/v) DMSO).

F I G U R E  1  Structure of copper bis(thiosemicarbazone) complexes (a) copper II glyoxal- bis(N[4]- methylthiosemicarbazonato) (CuII(GTSM)) 
and (b) copper II diacetyl- bis(N[4]- methylthiosemicarbazonato) (CuII(ATSM)). (c, d) MTT cell viability assays and (e, f) LDH cytotoxicity 
assays following 24– 72 h treatment with 25– 500 nM CuII(GTSM) (c, e) or CuII(ATSM) (d, f). A vehicle control with 0.1% (v/v) DMSO was 
used. Brightfield microscopic representations of hCMEC/D3 cells following a 72 h treatment with (g) vehicle, (h) 250 nM of CuII(ATSM) or 
(i) CuII(GTSM). Data are presented as mean ± SEM (n = 4– 5, independent cell culture preparations for each timepoint) expressed as a % of 
vehicle (0.1% (v/v) DMSO) for each timepoint. **p < 0.01, ***p < 0.001, ****p < 0.0001 when compared with vehicle- treated cells assessed by 
a one- way ANOVA followed by a post hoc Dunnett's test. Note: Each timepoint are individual experiments and were statistically analysed 
as separate experiments and are represented together to capture the change with treatment times. Individual data points are not presented 
because of the tightness of the data
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2.2.3  |  Measurement of MDR1 mRNA using 
quantitative real- time PCR (RT- qPCR)

To identify changes in MDR1 gene expression in response to 
CuII(BTSC) treatments, quantitative reverse- transcriptase real- time 
polymerase chain reaction (RT- qPCR) was performed on RNA iso-
lated from treated hCMEC/D3 cells. Following treatments, cells 
were washed twice with ice- cold PBS and total RNA was isolated 
using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), as per the 
manufacturer's protocol. RNA concentration (absorbance at 260 nm) 
and purity were determined using the NanoDrop® 1000 spectro-
photometer (Thermo Fisher Scientific), with the purity determined 
via assessment of 260/280 and 260/230 ratios. Each RNA sample 
was diluted to 20 ng/μl with RNase- free water and 5 μl aliquots were 
dispensed into a 96- well plate, to which the following was added: 
20 μl of a mastermix solution containing 12.5 μl of 2x probes RT- 
PCR reaction mix, 0.5 μl of iScript™ reverse transcriptase, 6.305 μl 
of nuclease- free water and 0.695 μl of either MDR1, GAPDH or β- 
actin TaqMan probes. Measurement of gene amplification was car-
ried out in the Bio- Rad CFX96 C1000™ Thermal Cycler (Bio- Rad). 
Thermocycling was initiated at 50°C for 10 min, 95°C for 5 min and 
followed by a total of 50 cycles at 95°C for 15 s and 60°C for 30 s. 
The fluorescence detected from the MDR1 gene at the threshold 
cycles (Ct) was normalised to the geometric mean of the Ct values for 
the two reference genes GAPDH and β- actin to determine the rela-
tive fold- change (2−ΔΔCt) of MDR1 mRNA in treated cells compared 
to vehicle controls (0.1% (v/v) DMSO) (Livak & Schmittgen, 2001).

2.2.4  |  Quantification of P- gp protein using Western  
blot analysis

Following treatment with CuII(BTSC) complexes or vehicle (0.1% 
(v/v) DMSO) (8, 24 or 48 h), hCMEC/D3 cells were lysed with 200 μl 
of Pierce™ IP lysis buffer supplemented with the cOmplete™ mini 
protease inhibitor cocktail for 30 min at 4°C. Cell lysates were ob-
tained with a cell scraper and transferred to a pre- cooled Eppendorf 
tube and centrifuged at 14 000 rcf for 10 min. The supernatant was 
collected and the total protein content in the sample was deter-
mined according to the Pierce™ BCA protein assay kit procedures 
with known BSA standards used to generate a standard curve previ-
ously validated for accuracy and precision. The appropriate volume 
for each sample corresponding to 15 μg of protein was vortexed 
with loading (Laemmli) buffer (20% (w/w) glycerol, 0.125 M Tris– HCl 
buffer, 10% (v/v) SDS, 0.5% (v/v) bromophenol blue and 25% (v/v) 
β- mercaptoethanol in milliQ (MQ) water), in a ratio of 5:1 and incu-
bated at 37°C for 30 min. The samples were centrifuged at 14000 
rcf for 2 min and then pipetted from the microfuge tubes into lane 
wells of Mini- Protein® TGX™ Precast gels (4– 15% acrylamide) in 
random order to avoid gel effects and then assembled into the Bio- 
Rad mini protean tetra cell (Hercules, CA), with 3 μl of the Dual Xtra 
Precision Plus Protein Prestained Standards ladder included. The 
gel and buffer dam apparatus were submerged in ice- cold running 

buffer (25 mM Tris base, 190 mM glycine and 0.1% (w/v) SDS in MQ 
water) and set to a pH of 8.2. Gel electrophoresis was run at 150 V 
for 90 min. The gel was removed from the electrophoresis apparatus 
and incubated with the 0.45 μm pore- sized nitrocellulose membrane 
and extra thick blotting paper in transfer buffer (25 mM Tris buffer, 
190 mM glycine and 10% (v/v) methanol) for 20 min. Protein transfer 
was executed using the Bio- Rad Trans- Blot Turbo transfer system 
(Hercules, CA) set to 25 V and 1.0 A for 40 min. After completion 
of the transfer, the nitrocellulose membrane was rinsed briefly with 
tris- buffered saline (TBS) containing 0.1% (v/v) Tween 20 (TBST) and 
then incubated in LI- COR Odyssey blocking buffer at room tempera-
ture (20– 22°C) for 1 h. The membrane was then rinsed briefly in 
TBST and co- incubated with primary antibodies specific for β- actin 
and P- gp diluted in 10 ml of TBST (1:500000 and 1:500 respectively) 
under gentle agitation overnight at 4°C. Membranes were washed 
thoroughly in TBST 5 times for 5 min on an agitator before 15 ml of 
the secondary IRDye® 800CW goat anti- mouse and IRDye® 680LT 
donkey anti- rabbit antibody in TBST were applied (dilution of 1:7500 
and 1:15000, respectively) for 2 h at room temperature (20– 22°C) 
in a light proof container under gentle agitation. The wash step was 
repeated followed by detection of the protein bands using the LI- 
COR Odyssey Infrared Imaging system (Lincoln, NE). Densitometric 
analysis of the P- gp and β- actin bands of interest was conducted 
using ImageJ software (National Institutes of Health, Bethesda, MD). 
P- gp band intensities were normalised to the housekeeping β- actin 
and expressed as relative fold- change to lanes with vehicle controls.

2.2.5  |  Activation of ERK1/2 assessed by Western 
blot analysis

Following treatment with CuII(ATSM) or CuII(GTSM) for 24 h, 
hCMEC/D3 cells were lysed using the same procedure described 
above with the addition of a phosphatase inhibitor (phosSTOP™) in 
the lysis buffer. The membrane was replaced with a 0.45 μm pore size 
low- fluorescence PVDF membrane that was activated with absolute 
methanol prior to the transfer step. The transfer was run at 25 V 
and 1.0 A for 25 min. The membrane was incubated in the Intercept 
blocking buffer in TBS for 1.5 h at room temperature (20– 22°C) in 
a light proof container under gentle agitation. Following blocking, 
the membrane was probed for pERK at a 1:1000 dilution in LI- COR 
antibody diluent (0.2% (w/v) Tween 20) under gentle agitation over-
night at 4°C. The next day, the membrane was washed as previously 
described and incubated with secondary donkey anti- rabbit IRDye 
690LT in antibody diluent (1:10000) supplemented with 0.01% (v/v) 
SDS for 1.5 h at room temperature (20– 22°C) and subsequently 
washed in TBST and imaged on the GE Amersham™ Typhoon™ scan-
ner. The membrane was then retained to be stripped (using 0.2 M 
NaOH) of pERK antibodies and re- probed for total ERK following the 
same procedures described and then finally for the housekeeping 
protein β- actin. The corresponding bands were analysed for densito-
metric quantification using ImageJ software and expressed as a ratio 
of pERK:ERK to show activation of ERK1/2.
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2.2.6  |  Assessing P- gp function through R123 
accumulation

The impact of CuII(BTSC) complexes on P- gp function in hCMEC/D3 
cells was determined by measuring the accumulation of the widely 
used fluorescent P- gp substrate R123. Once cells reached the ap-
propriate confluence for timepoint studies (70– 80% for 24 h treat-
ments, 50– 60% for 48 h treatments), the media were removed and 
the cells were treated with 250 μl/well of CuII(ATSM) or CuII(GTSM) 
at a concentration of 25– 250 nM or with vehicle (0.1% (v/v) DMSO 
in media). Following treatment, cells were rinsed twice with 250 μl/
well of pre- warmed PBS and incubated with transport buffer (10 mM 
HEPES in HBSS pH 7.4) containing vehicle (0.1% (v/v) DMSO) or 5 μM 
PSC833 (valspodar) (a known P- gp inhibitor) (Atadja et al., 1998) at 
37°C and 5% CO2 under constant agitation for 15 min. Cells were 
then rinsed with 250 μl/well of pre- warmed transport buffer and re-
placed with 5 μM R123 in transport buffer ±5 μM PSC833. The plate 
was then incubated at 37°C, 5% CO2 under constant gentle agitation 
for 60 min. Following this R123 incubation, cells were rinsed 3 times 
with 250 μl/well of ice- cold transport buffer and then lysed with 
100 μl of ice- cold lysis buffer (1% (v/v) Triton X- 100 in MQ water) 
on a plate shaker for 20 min at 4°C. 50 μl of known R123 standards 
(prepared in 1% (v/v) Triton® X- 100 in MQ water) as well as 50 μl 
of the lysates from each well were then transferred into a 96- well 
plate and R123 fluorescence was detected using an Enspire fluores-
cence spectrophotometer at excitation and emission wavelengths of 
511 and 534 nm, respectively. Raw fluorescence values were blank 
corrected with wells containing 1% (v/v) Triton X- 100 in MQ water 
to account for background detection. The fluorescence readings of 
cellular lysates were then compared to known standard solutions of 
R123 plated onto the same 96- well plate. The mass of fluorescent 
R123 (nmol) was then normalised to total cellular protein determined 
using the Pierce™ BCA protein assay (mg) and the accumulation 
(nmol/mg) was compared between vehicle and treated cells.

As it could be argued that the effect of CuII(GTSM) could have 
been a result of direct inhibition of P- gp- mediated efflux (as de-
scribed in Results), R123 uptake was measured in the presence 
and absence of CuII(GTSM). R123 (5 μM) was co- incubated with 
CuII(GTSM) (100 nM) with or without PSC833 (5 μM) in untreated 
hCMEC/D3 cells. Accumulation was measured following 2, 15, 30, 
45 and 60 mins of incubation followed by protein and fluorescence 
readings performed as described for the aforementioned functional 
studies.

2.2.7  |  Detection of intracellular copper by 
inductively coupled plasma mass spectrometry  
(ICP- MS)

hCMEC/D3 cells were seeded in 24- well plates using the protocol 
for cell seeding described above. For every treatment replicate, it 
was necessary to have one blank replicate that contained no cells. 
Blanks were treated identically throughout the process (lysed the 

same way, as though they had cells in them), and were used to blank 
correct for background metal detection. Following treatment, cells 
were washed twice with 500 μl of ice- cold PBS, then lysed with 250 μl 
of ice- cold 1% (v/v) Triton X- 100 in MQ water and put on a shaker 
at 4°C for 15 min. Following lysis, the lysate was homogenised and 
240 μl was transferred to pre- cooled Eppendorf tubes. For blank- 
treated wells, only 210 μl of the lysis solution was transferred to the 
labelled Eppendorf tubes as protein analysis was not necessary. Cell 
lysate samples were quantified for protein using the Pierce™ BCA 
assay using 30 μl aliquots so that the remaining total sample volumes 
would be consistent at 210 μl. Samples were then freeze- dried and 
50 μl of concentrated nitric acid 65% (v/v) was added for digestion 
overnight at room temperature (20– 22°C). The next day, samples 
were heated at 90°C for 20 min to complete the digestion, leaving a 
volume after digestion of approximately 40 μl. To each sample, 960 μl 
of 1% (v/v) of nitric acid diluent was added to a final volume of 1 ml. 
The samples were injected onto an Agilent 7700 series ICP- MS in-
strument (Agilent Technologies) under routine multi- element oper-
ating conditions using a Helium Reaction Gas Cell. The instrument 
was calibrated using 0, 5, 10, 50, 100 and 500 ppb of certified multi- 
element ICP- MS standard calibration solutions (ICP- MS- CAL2- 1, 
ICP- MS- CAL- 3 and ICP- MS- CAL- 4, Accustandard, New Haven, CT) 
for a range of elements. A certified standard solution containing 
200 ppb of Yttrium (Y89) was used as an internal control (ICP- MS- 
IS- MIX1- 1, Accustandard). Raw ppb data of the elements were con-
verted to μmol/L with dilution factors applied. Final concentrations 
of metals (μmol/L) were then blank corrected with treatment blanks 
and normalised to total protein obtained from the BCA assay. The 
final unit expressed as a percentage of the control was nmol of Cu/
mg protein.

2.2.8  |  Assessing the effect of ATSM backbone 
controls on copper uptake and P- gp expression

H2(ATSM), NiII(ATSM) and CuCl2 were incorporated as controls for 
CuII(ATSM) to assess whether the ATSM backbone or Cu induced 
the observed up- regulation of P- gp. hCMEC/D3 cells were treated 
with vehicle (0.1% (v/v) DMSO) or 100 nM of CuII(ATSM), H2(ATSM), 
NiII(ATSM) or 100 nM CuCl2 for 24 h. Following treatment, cells were 
assessed for intracellular Cu levels by ICP- MS as well as P- gp protein 
and mRNA expression by Western blot and RT- qPCR, respectively, 
as described previously.

2.2.9  |  Statistical analysis

All graphs and data were analysed using GraphPad Prism® soft-
ware version 8.1.1 (GraphPad Software Incorporated). All com-
parisons between control and treatment groups were assessed 
by one- way analysis of variance (ANOVA) followed by a post hoc 
Dunnett's test that compared the mean of each treatment group 
to the mean of vehicle (0.1% (v/v) DMSO) treated groups or a 
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Tukey's test to compare the mean of each group to all other groups 
to correct for multiple comparisons. Levels of significance are in-
dicated for individual experiments, with differences considered 
to be statistically significant when the p value was less than 0.05 
(p < 0.05). n represents the number of biological replicates in the in 
vitro studies for independent cell culture preparations. Data were 
assessed for normality using the Sharpiro– Wilk test and all data 
points were used for statistical analysis and no sample size calcu-
lation was performed. These studies did not require institutional 
ethical approval and no blinding or randomisation was performed 
to allocate groups in the study. The outcomes of this study were 
exploratory and did not have any inclusion or exclusion criteria 
pre- determined.

3  |  RESULTS

3.1  |  hCMEC/D3 cells tolerate higher 
concentrations of CuII(ATSM) relative to CuII(GTSM)

As the impact of CuII(BTSC) compounds on hCMEC/D3 cell function 
had not been reported, it was essential to establish appropriate con-
centrations for treatments that did not negatively affect cell viabil-
ity or morphology. Morphological assessment and MTT assays were 
used to assess cellular viability, whereas extracellular LDH activity 
was assessed to measure cytotoxicity and ensure detached cells were 
indeed undergoing cellular damage. Concentrations of up to 250 nM 
of each compound did not elicit toxicity up to 48 h (Figure 1e, f), after 
which, toxicity was observed with both MTT and LDH assays, out-
comes confirmed by morphological assessment (Figure 1). However, 
even at 72 h, CuII(ATSM) did not generate cell toxicity until 500 nM 
for both MTT and LDH assays (Figure 1d, f). For CuII(ATSM), the MTT 
assay results were concordant with those obtained by the LDH assay. 
CuII(GTSM) induced toxicity at 72 h at all concentrations, as assessed 
by the MTT assay and concentrations above 250 nM led to a signifi-
cant increase in extracellular LDH activity indicating damage to the 
membrane of cells (Figure 1c, e). hCMEC/D3 cells that were treated 
with 250 nM of CuII(ATSM) for 72 h appeared morphologically similar 
to vehicle- treated hCMEC/D3 cells (Figure 1g, h), whereas 250 nM of 
CuII(GTSM) caused a significant decrease in viable cells as observed 
by the presence of detached cell debris (Figure 1i). All concentra-
tions of CuII(ATSM) and CuII(GTSM) were not toxic at 8, 24 and 48 h, 
except for 500 nM CuII(GTSM) at 24 and 48 h. Based on these re-
sults, subsequent studies only assessed the impact of CuII(ATSM) and 
CuII(GTSM) at concentrations of 25– 250 nM over 8– 48 h.

3.2  |  CuII(ATSM) enhances P- gp expression 
while CuII(GTSM) decreases P- gp expression in 
hCMEC/D3 cells

Three different concentrations (25, 100 and 250 nM) of both 
CuII(ATSM) and CuII(GTSM) were used to assess whether these 

compounds modulate P- gp expression in hCMEC/D3 cells in a 
concentration- dependent manner over 8– 48 h. CuII(ATSM) was 
initially used as a negative control given that this complex does not 
readily release bioavailable Cu under normoxic conditions. There 
were no significant changes in hCMEC/D3 expression of P- gp fol-
lowing 8 h treatments with either of the two compounds (Figure 2a). 
However, following 24 and 48 h treatments, the expression of P- gp in 
hCMEC/D3 cells treated with CuII(ATSM) at 25, 100 and 250 nM was 
significantly increased, with densitometric analysis demonstrating a 
1.5– 2.0 fold increase relative to vehicle- treated hCMEC/D3 cells 
(Figure 2b and c). In comparison, all concentrations of CuII(GTSM) 
did not significantly modulate P- gp expression following a 24 h treat-
ment, and in fact, at 48 h it was shown that CuII(GTSM) treatment 
significantly reduced the abundance of P- gp protein in hCMEC/D3 
cells (Figure 2c).

3.3  |  CuII(BTSC)- mediated alterations to P- gp 
protein expression correlated with modified efflux 
capacity in hCMEC/D3 cells

The efflux function of P- gp was assessed using an assay employ-
ing a known fluorescent P- gp substrate R123, to determine if 
the observed increase or decrease in P- gp expression resulted in 
enhanced or reduced efflux capacity, respectively. PSC833, an 
inhibitor of P- gp (5 μM), was used to ensure that efflux of R123 
could be blocked, which was indeed observed in all functional 
studies (Figure 3). A 24 h treatment with CuII(ATSM) at 25, 100 
and 250 nM concentrations led to reduced accumulation of R123 
by approximately 23– 31% when compared with vehicle- treated 
cells (Figure 3a), consistent with the observed up- regulation of 
P- gp with this compound. This reduction was also observed after 
48 h treatments with CuII(ATSM) (25– 250 nM) albeit to a lesser 
extent (approximately 15– 21% reduction when compared with 
controls) (Figure 3c). The reduced accumulation of R123 in re-
sponse to CuII(ATSM) was able to be inhibited with the presence of 
PSC833 inhibitor similar to that of PSC833 alone suggesting that 
enhanced efflux mediated by CuII(ATSM) is likely through P- gp and 
not via the functional modification of other efflux transporters 
(Figure 3a). In contrast to that observed with CuII(ATSM), and in 
line with the reduction in P- gp expression, CuII(GTSM) increased 
R123 accumulation. Following 24 h treatment with 100 nM and 
250 nM CuII(GTSM), a 26– 36% increase in accumulation was ob-
served (Figure 3b) and this effect was more pronounced with 
48 h treatments to an extent that appeared more substantial than 
the effect of PSC833 (Figure 3d). As it could be argued that the 
effect of CuII(GTSM) could be a result of direct inhibition of P- 
gp, R123 uptake was measured in the presence and absence of 
CuII(GTSM) without a 24 or 48 h pre- treatment. While PSC833 in-
creased hCMEC/D3 cellular accumulation of R123, co- incubation 
of CuII(GTSM) and R123 did not significantly alter R123 accumula-
tion, indicating no competitive inhibition of P- gp- mediated efflux 
by CuII(GTSM) (Figure 3e).
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F I G U R E  2  CuII(ATSM) up- regulates P- gp expression, while CuII(GTSM) attenuates P- gp expression, in hCMEC/D3 cells. Representative 
Western blots of expression levels of P- gp and β- actin in hCMEC/D3 cells grouped from single gel (- - -  dividing lines indicate reordered 
treatment lanes for presentation purposes) (left) and graphical representation of P- gp expression as assessed by densitometry (right) for (a) 
8 h, (b) 24 h and (c) 48 h treatment with CuII(ATSM) or CuII(GTSM). Data are presented as mean ± SEM (n = 4– 7, for independent cell culture 
preparations) expressed as fold change of vehicle (0.1% (v/v) DMSO), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 when compared with 
vehicle- treated hCMEC/D3 cells, assessed by a one- way ANOVA followed by a post hoc Dunnett's test
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F I G U R E  3  CuII(ATSM) reduces accumulation of R123 in hCMEC/D3 cells at 24 h (a) and 48 h (c), whereas CuII(GTSM) increases 
accumulation of R123 after (b) 24 h and (d) 48 h exposure. P- gp function was assessed by measuring the cellular accumulation of a 
fluorescent substrate, R123 (nmol), normalised to well protein (mg). The P- gp inhibitor PSC833 (5 μM) inhibited the CuII(ATSM)- mediated 
reduction in R123 accumulation (a and b). CuII(GTSM) increases R123 accumulation and this is to an extent greater than the P- gp inhibitor 
PSC833 (5 μM) after a 48 h treatment (c and d). P- gp- mediated accumulation of R123 was not affected by co- exposure with CuII(GTSM) 
(100 nM) over a 60 min incubation (e). Data are presented as mean ± SEM (n = 4– 6, independent cell culture preparations) for accumulation 
of R123 expressed as % of vehicle (0.1% (v/v) DMSO) (a– d) or nmol/mg of R123/protein (e). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
when compared with vehicle assessed by a one- way ANOVA, followed by a post hoc Dunnett's test (for each time point for (c))
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3.4  |  Modulation of P- gp protein by CuII(BTSC) 
occurs via a transcriptional mechanism

To assess whether the observed changes to P- gp protein and func-
tion mediated by CuII(BTSC) complexes were due to modulation of 
MDR1 transcriptional mechanisms and not via potential protein 
degradation pathways, MDR1 mRNA was quantified by RT- qPCR 
following each treatment. These studies were conducted with 
100 nM of CuII(ATSM) or CuII(GTSM) as a representative concen-
tration for those used to demonstrate an increase in protein ex-
pression. Figure 4 represents pooled data from different treatment 
times each with their own CuII(ATSM) or CuII(GTSM) treatments as 
well as corresponding vehicle controls. At 8 h, there was no sig-
nificant change to MDR1 mRNA following treatment with either 
CuII(ATSM) or CuII(GTSM). In line with increased protein abun-
dance, CuII(ATSM) treatment for 16 and 24 h resulted in a significant 
increase in MDR1 mRNA, an effect not observed with CuII(GTSM). 
Interestingly, after a 48 h treatment with CuII(ATSM), the increase in 
MDR1 mRNA was no longer evident, however, at this time, the ob-
served down- regulation in P- gp protein in response to CuII(GTSM) 
was associated with a down- regulation of MDR1 mRNA.

3.5  |  Both CuII(ATSM) and CuII(GTSM) increase 
intracellular copper levels in hCMEC/D3 cells

Treatment with CuII(ATSM) was not predicted to lead to enhanced 
P- gp expression and function given that this compound has been 

reported to not readily release Cu under normoxic conditions. 
Furthermore, the compound previously reported to release Cu (i.e. 
CuII(GTSM)) either had no effect or reduced the expression and 
function of P- gp in hCMEC/D3 cells. To assess if the unexpected 
responses were associated with changes in intracellular levels of Cu, 
ICP- MS was employed. As expected, a 24 h treatment with 50 nM, 
100 nM and 250 nM CuII(GTSM) significantly increased intracellular 
Cu levels by 5, 8, and 15- fold, respectively, compared to vehicle con-
trols (Figure 5a). Unexpectedly, higher concentrations (i.e. 100 and 
250 nM) of CuII(ATSM) also led to 6 and 10- fold increase in Cu, re-
spectively (Figure 5a), suggesting that both compounds were able to 
deliver exogenous Cu into hCMEC/D3 cells. However, as the ICP- MS 
technique measures total Cu, whether the Cu was released as free 
bioavailable Cu or still bound to the backbone structure of the com-
plexes remains to be identified.

3.6  |  Only Cu- ATSM and neither the ATSM 
backbone or Cu alone up- regulate P- gp expression

The ICP- MS data suggest that it is unlikely that exogenous Cu 
delivered from the CuII(ATSM) complex mediated the enhanced 
P- gp expression and function. To ascertain whether the observed 
P- gp effects may have been induced by the molecular ATSM back-
bone, independent of Cu, the effects of NiII(ATSM), H2(ATSM) as 
well as CuCl2 on P- gp expression were assessed. Following a 24 h 
treatment with each of the compounds, ICP- MS, Western blot 
and RT- qPCR were performed to quantify intracellular levels of 
Cu, P- gp protein expression and MDR1 mRNA expression, respec-
tively. As expected, ICP- MS data showed increased intracellular 
Cu levels in hCMEC/D3 cells when treated with CuII(ATSM) or 
CuCl2, while interestingly, NiII(ATSM) showed a reduction in Cu 
levels and H2(ATSM) produced no significant changes in the levels 
of Cu (Figure 5b). If Cu was directly responsible for modulating 
P- gp expression, it would be predicted that CuCl2 treatment would 
result in increased P- gp expression. Conversely, if the backbone 
structure of ATSM was responsible for the alterations in P- gp ex-
pression, then it would be expected that either the NiII(ATSM) or 
H2(ATSM) would lead to changes in P- gp. However, Western blot 
and RT- qPCR data demonstrated that only CuII(ATSM) lead to an 
up- regulation of P- gp protein and mRNA (Figure 6), suggesting 
that the intact Cu and ATSM in the CuII(ATSM) complex elicits the 
observed responses and that independently they do not enhance 
P- gp expression.

3.7  |  CuII(ATSM) induces phosphorylation of 
ERK1/2 leading to enhanced P- gp expression

Initially, it was thought that Cu would be responsible for increased 
P- gp expression, and that this may occur via activation of the Wnt/
β- catenin and GSK3β pathway. As the results suggested that Cu 
was unlikely to be mediating the positive effects of CuII(ATSM), 

F I G U R E  4  Time- dependent MDR1 mRNA expression in 
hCMEC/D3 cells following treatment with 100 nM CuII(ATSM) or 
CuII(GTSM). Data are presented as mean ± SEM (n = 4, independent 
cell culture preparations) expressed as fold- change relative to 
vehicle (0.1% (v/v) DMSO) for each timepoint. *p < 0.05, **p < 0.01 
when compared with vehicle as assessed by a one- way ANOVA 
followed by a post hoc Dunnett's test for each timepoint
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the role of ERK1/2 in mediating the effects of the BTSCs was 
explored. Interestingly both CuII(ATSM) and CuII(GTSM) induced 
phosphorylation of ERK1/2 in hCMEC/D3 cells 1.4 and 1.3 fold, 
respectively, when compared with vehicle (0.1% (v/v) DMSO) 
treated cells (Figure 7a, b). These effects were attenuated in the 
presence of a highly selective inhibitor of MEK1/2, an upstream ki-
nase to ERK1/2 of the MAPK pathway (Figure 7). The presence of 
the MEK1/2 inhibitor U0126 significantly reduced MDR1 mRNA 
expression 0.3- fold compared to vehicle while the up- regulation 
observed with CuII(ATSM) was attenuated in the presence of this 
inhibitor to a similar (0.3 fold) extent (Figure 7c). This outcome 
builds confidence that ERK1/2 phosphorylation is involved in the 
CuII(ATSM)- mediated up- regulation of MDR1 mRNA given that 
inhibition of MEK1/2 and the subsequent inhibition of ERK1/2 
phosphorylation partially attenuated the effect of CuII(ATSM) on 
MDR1 mRNA. It should be noted that the times chosen for as-
sessing ERK1/2 phosphorylation differed between CuII(ATSM) 
and CuII(GTSM) (i.e. 24 and 48 h respectively) to ensure that any 
association between ERK phosphorylation and the compound of 
interest occurred when the compound exhibited effects on both 
mRNA and protein expression of P- gp.

The enhanced phosphorylation of ERK1/2 observed with 
CuII(GTSM) treatment did not accompany any changes in MDR1 
mRNA expression (Figure 7d). Similarly, the presence of U0126 did 
not alter the previously observed down- regulation of MDR1 induced 

by a 48 h treatment with CuII(GTSM), suggesting that the effects of 
CuII(GTSM) on MDR1 down- regulation is unrelated to its effects on 
ERK1/2 phosphorylation.

4  |  DISCUSSION

P- gp plays an imperative role in protecting the brain from a broad 
range of substrates, and while this poses a hindrance in delivering 
drugs across the BBB, P- gp is also implicated in AD as it has a key role 
in the clearance of the neurotoxic Aβ peptide from the brain (Cirrito 
et al., 2005; Deo et al., 2014; Hartz et al., 2010). Discovering poten-
tial modulators of P- gp expression and function and understanding 
the regulatory mechanisms involved in maintaining the function of 
this ‘gatekeeper’ has many potential applications to the develop-
ment of neurotherapeutics. Cu has been demonstrated as essential 
for brain health as it influences multiple regulatory pathways within 
the CNS (Ayton et al., 2013; Lutsenko et al., 2010). Additionally, the 
biodistribution of Cu has been shown to be disrupted in AD (Ayton 
et al., 2013; Barnham & Bush, 2008; Barnham & Bush, 2014) but 
surprisingly little is known about the effects of Cu on brain en-
dothelial cells despite this biometal requiring transport across the 
BBB to reach cells within the CNS. Given that Cu acts on pathways 
shown to be involved in P- gp regulation, this study was designed 
to identify whether enhancing the bioavailability of Cu chaperoned 

F I G U R E  5  Intracellular Cu levels in hCMEC/D3 cells measured by ICP- MS following 24 h treatment with increasing concentrations 
of CuII(GTSM) or CuII(ATSM) (a) or with ATSM backbone derivatives and CuCl2 (100 nM) (b). Data are presented as mean ± SEM (n = 4– 6, 
independent cell culture preparations) as a fold change in Cu levels (normalised to protein) compared to vehicle (0.1% (v/v) DMSO). *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 when compared with vehicle- treated cells as assessed by a one- way ANOVA followed by a post hoc 
Dunnett's test
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F I G U R E  6  P- gp protein expression in hCMEC/D3 cells following a 24 h treatment with ATSM backbone derivatives or CuCl2 (100 nM). 
Representative Western blot of expression levels of P- gp and β- actin in hCMEC/D3 cells with a molecular weight (MW) ladder as a reference 
for band weight from single gel (a) and graphical representation of P- gp expression as assessed by densitometry (b). MDR1 mRNA expression 
in hCMEC/D3 cells following a 24 h treatment (c). Data are presented as mean ± SEM (n = 4, independent cell culture preparations) expressed 
as a fold change to vehicle (0.1% (v/v) DMSO). ****p < 0.0001 when compared with the mean of all treatment groups as assessed by a one- 
way ANOVA followed by a post hoc Tukey's test
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F I G U R E  7  Both CuII(ATSM) and CuII(GTSM) mediated activation of ERK1/2 is attenuated by U0126, an inhibitor of MEK1/2. 
Representative Western blot of pERK1/2, ERK1/2 and β- actin in hCMEC/D3 cells from single gel (a) and graphical representation of pERK/
ERK expression as assessed by densitometry (b) following treatment with combinations of CuII(ATSM) (100 nM) or CuII(GTSM) (100 nM) 
with or without U0126 (10 μM). MDR1 mRNA expression in hCMEC/D3 cells following a 24 h treatment with 100 nM of CuII(ATSM) with 
or without 10 μM of U0126 (c) and 48 h treatment with 100 nM of CuII(GTSM) with or without 10 μM of U0126 (d). Data are presented as 
mean ± SEM (n = 4, independent cell culture preparations) of pERK/ERK ratios as a fold change to vehicle (0.1% (v/v) DMSO) treatment (b) or 
fold change in MDR1 expression relative to vehicle (0.1% (v/v) DMSO) (c, d). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 when compared 
with vehicle, as assessed by a one- way ANOVA followed by a post hoc Dunnett's test and panel compared to the mean of all other treatment 
groups as assessed by a one- way ANOVA followed by a post hoc Tukey's test
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by CuII(BTSC) complexes could modulate the properties of P- gp in 
human brain endothelial cells.

The CuII(GTSM) complex was employed to enhance the delivery of 
Cu into hCMEC/D3 cells, while CuII(ATSM) was initially intended as a 
negative control as it has been previously shown to not readily release 
Cu under normal physiological conditions (Dearling et al., 2002; Xiao 
et al., 2008). These two compounds only differ in that CuII(ATSM) has 
two additional methyl groups (Figure 1b). Under normoxic conditions, 
CuII(GTSM) has a Cu2+/Cu+ reduction potential of −0.44 V compared 
to Ag/AgCl, and the comparatively low reduction potential, relative 
to CuII(ATSM), allows intracellular reductants such as ascorbate and 
glutathione to reduce the Cu bound to CuII(GTSM) and hence release 
bioavailable Cu within cells (Xiao et al., 2008). The presence of the 
two methyl groups on CuII(ATSM) increases the reduction potential to 
−0.60 V and thus CuII(ATSM) has a more stable structure that does not 
readily release Cu (Xiao et al., 2008). However, under hypoxic condi-
tions such as those in disease states where the intracellular environ-
ment has an increased reducing capacity, CuII(ATSM) is reduced and 
thus increases bioavailable Cu, making it a more selective compound 
for cells under oxygen- deprived stress (Dearling et al., 2002). The 
mechanism by which these compounds cross cell membranes, their 
subcellular trafficking, and how they regulate cellular responses is yet 
unknown. However, these BTSC compounds have immense potential 
as neurodegenerative therapeutics, and as diagnostic and imaging 
agents, with early clinical trials demonstrating promising outcomes 
in neurodegenerative diseases (Hilton et al., 2017; Hilton et al., 2020; 
Hung et al., 2012; Price et al., 2011; Southon et al., 2020; Williams 
et al., 2016). Therefore, while the BTSCs were used as model com-
pounds to address the central question around whether Cu is involved 
in the regulation of P- gp at the BBB, they also have clinical potential 
and the findings from this study could provide additional insight into 
mechanisms associated with their benefits observed in disease models.

Our studies are the first to assess the impact of these compounds 
on hCMEC/D3 cells, a model of the BBB. It was shown that cell viability 
was compromised only at the highest concentration and longer treat-
ment time for CuII(ATSM) and CuII(GTSM) suggesting metal- induced 
toxicity. The different responses in cell viability between CuII(ATSM) 
and CuII(GTSM) at the 72 h treatment times are likely associated with 
the differences in the release of bioavailable Cu in hCMEC/D3 cells 
as mentioned above, however, all subsequent experiments were per-
formed at concentrations and treatment times that did not affect 
cellular viability and thus it is unlikely that the differences observed 
on expression and function on P- gp are attributed to differences ob-
served on cellular viability in response to CuII(ATSM) or CuII(GTSM).

Any excess release of intracellular Cu by CuII(GTSM) that in-
creases cytotoxicity is likely because of the formation of toxic free 
radicals caused by reactive oxygen species (ROS) as a result of the 
overloading Cu ions (Tabner et al., 2002). While our subsequent 
ICP- MS data suggest that both CuII(ATSM) and CuII(GTSM) increase 
cytosolic Cu in a concentration- dependent manner, it is difficult to 
ascertain whether these Cu measurements reflect free Cu or Cu still 
bound to the backbone structure of the BTSC complexes within cells. 
It has previously been demonstrated that APP- CHO cells treated 

with 25 μM CuII(ATSM) and CuII(GTSM) exhibited increased cellu-
lar Cu levels, that were 177- fold and 216- fold higher, respectively, 
when compared with vehicle controls (Donnelly et al., 2008). In line 
with our findings, another study has also shown decreased MTT 
reduction in pheochromocytoma cells 12 (PC12 cells) treated with 
50 nM CuII(GTSM) for 18 h and this was not the case for CuII(ATSM), 
and they also observed a 3.1- fold increase in intracellular Cu (Bica 
et al., 2014), which is consistent with our ICP- MS data showing a 
5- fold increase in intracellular Cu following CuII(GTSM) treatment. 
Therefore, the greater toxicity induced by CuII(GTSM) in hCMEC/D3 
cells relative to CuII(ATSM) is in line with that reported for other cell 
types. When compared with other CuII(BTSC) complexes, Acevedo 
et al., demonstrated that CuII(GTSM) was the most efficient com-
plex to increase intracellular Cu (Acevedo et al., 2018). Whether the 
dose- dependent increase in Cu is the bioavailable released form or 
complexed to the BTSC is yet to be determined, but it is hypothe-
sised based on previous studies that the increase in Cu associated 
with CuII(ATSM) is complex- bound under normal physiological con-
ditions, whereas the Cu associated with CuII(GTSM) is likely to be 
biologically active released Cu.

Based on previous data from our laboratory, elevated hCMEC/
D3 Cu levels were associated with an increase in P- gp abundance 
(McInerney et al., 2018), and for this reason, it was hypothesised that 
CuII(GTSM) would enhance P- gp expression given the reported Cu- 
releasing properties of CuII(GTSM) relative to CuII(ATSM). However, 
Western blot analysis showed that treatment with CuII(ATSM) sig-
nificantly increased P- gp protein abundance, whereas treatment 
with CuII(GTSM) diminished P- gp expression when cells were 
treated for longer periods. Functional studies confirmed that the ob-
served up- regulation in P- gp expression in response to CuII(ATSM) 
was associated with enhanced efflux potential of this protein and 
CuII(GTSM) reduced P- gp- mediated efflux, in alignment with the 
P- gp down- regulating effect of this BTSC. The reduced accumu-
lation of R123 in CuII(GTSM)- treated cells could have conceivably 
been a direct inhibitory effect of this compound on P- gp function 
and independent of changes to P- gp expression, given that Acevedo 
et al. (2018) suggested that CuII(GTSM) may be a P- gp substrate in 
HEK293 cell lines, and therefore could prevent P- gp- mediated efflux 
of R123. However, we confirmed that this was not the case as we 
performed R123 accumulation studies in the presence and absence 
of CuII(GTSM) (without the pre- incubation of CuII(GTSM) which re-
duces P- gp expression), and we demonstrated that R123 accumu-
lation was not impacted by co- administration of CuII(GTSM). These 
data imply that the down- regulation in P- gp induced by CuII(GTSM) 
was more likely responsible for the increased accumulation of R123, 
rather than a direct inhibitory effect of CuII(GTSM) on P- gp activity. 
Overall, the findings from this study directly contradicted our initial 
hypothesis in that the CuII(GTSM) thought to enhance intracellular 
Cu reduced P- gp expression and function, whereas, the CuII(ATSM) 
reported to not release Cu actually enhanced P- gp expression and 
function.

To ascertain whether these unexpected results on P- gp pro-
tein were associated with transcriptional changes, MDR1 mRNA 
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expression was assessed. In line with the increase in P- gp protein lev-
els, CuII(ATSM) increased MDR1 mRNA at 16 and 24 h, however, at 
the 48 h timepoint, the MDR1 promoter was no longer up- regulated 
which may indicate a depletion of the CuII(ATSM) mediated response 
or a recovery of the mRNA to an untreated state. Also in line with re-
ducing P- gp protein levels, CuII(GTSM) reduced MDR1 mRNA at later 
time points, suggesting that the effect of CuII(GTSM) on P- gp protein 
occurred via a transcriptional mechanism. The central role of P- gp 
as the gatekeeper to the brain warrants having multiple pathways 
to regulate this important efflux transporter. Although extensive re-
search has demonstrated the potential of biochemical substrates for 
P- gp, only a few key regulatory pathways have been characterised 
that include the pregnane X receptor (PXR), peroxisome proliferator- 
activated receptor (PPAR) and the canonical Wnt/β- catenin signalling 
pathways (Chan et al., 2011; Park et al., 2014; Zastre et al., 2009). The 
up- regulation of P- gp across these various signalling pathways share 
the common mechanism in that the activation of these pathways 
induces binding to DNA promoter regions for MDR1 and increases 
transcription of the MDR1 gene, coding for P- gp (Chan et al., 2011; 
Park et al., 2014; Zastre et al., 2009). One group treated hCMEC/D3 
cells with an inhibitor of GSK- 3β, 6- bromoindirubin- 3′- oximine, for 
16 h and this lead to an up- regulation of P- gp protein as well as acti-
vating the MDR1 promoter (Lim et al., 2008). Furthermore, another 
study showed that CuII(GTSM) inhibited GSK- 3β leading to the acti-
vation of Wnt/β- catenin signalling, whereas CuII(ATSM) did not and 
this was attributed to the releasability of Cu (Crouch et al., 2009). 
However, since both CuII(ATSM) and CuII(GTSM) both increased Cu 
in hCMEC/D3 cells (with CuII(GTSM) releasing more Cu), it was likely 
that this pathway was not involved in the CuII(BTSC) effects on P- gp 
(Crouch et al., 2009). As the results suggested Cu was unlikely to 
be mediating the positive effects of CuII(ATSM), an alternative can-
didate pathway associated with the regulation of P- gp expression 
was explored. The MAPK pathway and the downstream activation 
of ERK1/2 has been positively correlated with the regulation of 
MDR1 transcription and subsequent P- gp expression (Nwaozuzu 
et al., 2003;Shao et al., 2016; Zhou et al., 2019), and this pathway 
has been shown to be activated by CuII(ATSM) and CuII(GTSM) 
(Acevedo et al., 2018; Crouch et al., 2009; Srivastava et al., 2016). 
CuII(ATSM) has been shown to phosphorylate ERK1/2 in human 
coronary artery smooth muscle cells (Srivastava et al., 2016) and 
by inhibiting this pathway, studies have shown reduced expression 
of P- gp (Shao et al., 2016; Zhou et al., 2019). Our studies demon-
strated that CuII(ATSM) also induces phosphorylation of ERK1/2 in 
hCMEC/D3 cells and blockade of this pathway attenuated the ef-
fects of CuII(ATSM) on MDR1 mRNA, confirming that the effects of 
CuII(ATSM) on P- gp expression were mediated in part by the acti-
vation of MAPK signalling. Interestingly, CuII(GTSM) also enhanced 
the phosphorylation of ERK1/2, however, this was not accompanied 
by any changes in MDR1 mRNA expression, and furthermore, the 
presence of an inhibitor did not alter this down- regulation of MDR1, 
suggesting that the phosphorylation of ERK1/2 in response to 
CuII(GTSM) is unrelated to its effects on MDR1 regulation, and that 
additional factors or alternative pathways are involved in the MDR1 

mRNA down- regulating effects of CuII(GTSM). Despite CuII(ATSM) 
and CuII(GTSM) both activating ERK1/2, their opposite effects on 
P- gp expression may be attributed to an increase in ROS levels as-
sociated with the readily released Cu from the CuII(GTSM) complex. 
Studies on P- gp regulation in tumour cells have reported that ele-
vated ROS leads to activation of ERK1/2 as well as other kinases 
that share the same MAPK cascade of activation such as c- Jun N- 
terminal kinase (JNK) or p38, that act as negative regulators of P- gp 
expression (Wartenberg et al., 2001). Furthermore, the activation of 
JNK has been associated with down- regulation of P- gp in cerebral 
blood vessels despite maintaining integrity of BBB- associated pro-
teins such as glucose transporter 1, zonula occludens- 1 and occludin 
(Choi et al., 2019).

The positive effects of CuII(ATSM) on P- gp expression and func-
tion were unexpected, and suggested that Cu itself is not responsible 
for these effects given that CuII(GTSM), which also releases Cu, did 
not have such positive effects. If the observed up- regulation of P- gp 
is copper- independent, then it might be expected that the ATSM 
backbone structure of the complex may be acting independently 
to the release of Cu to induce P- gp expression and function. In line 
with this, CuII(ATSM) has been suggested to inhibit ferroptosis via 
a Cu- independent mechanism and the effects on ferroptosis were 
suggested to be driven by the ATSM backbone, given that NiII(ATSM) 
which has the same backbone structure (and does not release Cu) 
was shown to have a similar activity to CuII(ATSM) in preventing 
ferroptosis (Southon et al., 2020). For this reason, we assessed 
the impact of various backbone structures on MDR1 mRNA, using 
NiII(ATSM), H2(ATSM) and CuCl2. The NiII(ATSM) treatment served 
as a control for the compound with a non- biologically active divalent 
metal bound to the ATSM structure, while the H2(ATSM) served as a 
pure ATSM structural control that has no biometal attached. CuCl2 
was included to confirm that Cu alone did not elicit changes to P- 
gp. These studies demonstrated that it was neither the backbone of 
ATSM, nor Cu alone, that increases MDR1 mRNA and P- gp protein, 
but that the combination of the Cu attached to the ATSM complex 
is what modulates the expression of P- gp in human brain endothe-
lial cells. Whilst unexpected, this is a significant finding given that 
emerging research has shown that CuII(ATSM) has a neuroprotective 
role (Kuo et al., 2019; Shi et al., 2021) for multiple neurodegenerative 
diseases. CuII(ATSM), which is currently in clinical trials, could modu-
late P- gp expression and function and thus be used as a therapeutic 
tool to enhance CNS delivery of drugs, restore P- gp in neurodegen-
erative disease, and potentially enhance the clearance of Aβ in AD.

5  |  CONCLUSION

This study demonstrated that CuII(ATSM) significantly increased the 
expression and function of P- gp in hCMEC/D3 cells through a tran-
scriptional mechanism. The findings suggest that a combination of 
the Cu and ATSM structure in CuII(ATSM) mediated the observed 
effects, opening up a novel field of research to ascertain the phar-
macological effects of this compound at the BBB. Unravelling any 
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role of CuII(BTSC) complexes in regulating P- gp will no doubt pro-
vide novel insight into the key biological processes crucial for the 
maintenance of the most important biological barrier that ensures 
the brain remains a protected reserve. This area of research has the 
potential to lead to unexploited targets at the BBB which can be 
pharmacologically manipulated and applied to neurodegenerative 
diseases including, but not limited to, AD.
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