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Polyethylenimines (PEIs) are among themost efficient polycationic non-viral transfectants. PEI architecture
and size not only modulate transfection efficiency, but also cytotoxicity. However, the underlying mecha-
nisms of PEI-induced multifaceted cell damage and death are largely unknown. Here, we demonstrate
that the central mechanisms of PEI architecture- and size-dependent perturbations of integrated cellular
metabolomics involve destabilization of plasma membrane and mitochondrial membranes with conse-
quences on mitochondrial oxidative phosphorylation (OXPHOS), glycolytic flux and redox homeostasis
that ultimately modulate cell death. In comparison to linear PEI, the branched architectures induced greater
plasmamembrane destabilization andwere more detrimental to glycolytic activity and OXPHOS capacity as
well as being a more potent inhibitor of the cytochrome c oxidase. Accordingly, the branched architectures
caused a greater lactate dehydrogenase (LDH) and ATP depletion, activated AMP kinase (AMPK) and
disturbed redox homeostasis through diminished availability of nicotinamide adenine dinucleotide
phosphate (NADPH), reduced antioxidant capacity of glutathione (GSH) and increased burden of reactive
oxygen species (ROS). The differences in metabolic and redox imprints were further reflected in the
transfection performance of the polycations, but co-treatment with the GSH precursor N-acetyl-cysteine
(NAC) counteracted redox dysregulation and increased the number of viable transfected cells. Integrated
biomembrane integrity andmetabolomic analysis provides a rapid approach for mechanistic understanding
of multifactorial polycation-mediated cytotoxicity, and could form the basis for combinatorial throughput
platforms for improved design and selection of safer polymeric vectors.

© 2014 Elsevier B.V. All rights reserved.
A; Asc, ascorbate; 2-DG, 2-deoxy-D-glucose; NAC, N-acetyl-cysteine; NaN3, sodium azide; CI, complex I; CII, complex II;
; cyt c, cytochrome c; DMEM, Dulbecco's Modified Eagle's Medium; ETS, electron transport system; ECAR, extracellular
onyl cyanide 4-trifluoromethoxy phenylhydrazone; FADH2, flavin adenine dinucleotide; GSH, reduced glutathione;
dehydrogenase; LDH, lactate dehydrogenase; ME, malic enzyme; Mna, malonic acid; MRR, maximum respiratory rate;
cotinamide adenine dinucleotide phosphate; OCR, oxygen consumption rate; OXPHOS, oxidative phosphorylation; PBS,
e Permeabilizer; PPP, pentose phosphate pathway; PEI, polyethylenimine; RCR, respiratory control ratio; ROS, reactive
emorial Institute; TBHP, tert-butyl hydroperoxide; TCA cycle, tricarboxylic acid cycle; TMPD, N,N,N′,N′-tetramethyl-p-

enmark.
cer.dk (A. Hall), moien.moghimi@sund.ku.dk (S.M. Moghimi).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbabio.2014.12.002&domain=pdf
http://dx.doi.org/10.1016/j.bbabio.2014.12.002
mailto:arnaldur.hall@sund.ku.dk
mailto:ahall@cancer.dk
mailto:moien.moghimi@sund.ku.dk
http://dx.doi.org/10.1016/j.bbabio.2014.12.002
http://www.sciencedirect.com/science/journal/00052728
www.elsevier.com/locate/bbabio


Fig. 1. Representative traces of real-time oxygen consumption rate (OCR) in H1299 cells
challenged with 25k-PEI-B (light grey), 10k-PEI-B (dark grey) or 25k-PEI-L (black) at con-
centration of 4 μg/mL, or without PEI (white). Following PEI exposure (90 min), respiratory
states were investigated through sequential additions of different compounds. Oligomycin
(oligo) was applied to inhibit mitochondrial F0/F1-ATP synthase in order to define non-
phosphorylating respiration, representing mitochondrial proton leak across the mito-
chondrial inner membrane. Next, carbonylcyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) was added to obtain the maximum respiratory rate (MRR), indicating the highest
capacity of the electron transport system. Finally a combination of rotenone (Rote) and
antimycin-A (Anti-A) was used to inhibit the activity of CI and CIII for a measurement of
non-mitochondrial respiration. Respiratory states are marked in the figure: basal respira-
tion (a), proton leak (b), oligomycin-sensitive respiration (c = a–b), MRR (d) and non-
mitochondrial respiration (e).
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1. Introduction

Polyethylenimines (PEIs) are among themost prominent polycationic
non-viral gene delivery systems described to date in compacting
nucleic acids and transfecting a wide range of mammalian cell
types [1–8]. PEIs exist in either branched or linear architecture and
are available in different molecular weights [3,7,9]. It is generally ac-
cepted that the higher molecular weight PEIs (25 kDa being the gold
standard) are not only more efficient transfection agents than the
lower molecular weight counterparts, but also more cytotoxic [3,
10–12]. Furthermore, various in vitro and in vivo studies have sug-
gested that the transfection efficacy of linear PEIs is superior to
polycations with branched morphology and of equal molecular
weight [13–15], however, the impact of PEI architecture on cytotoxic
responses as well as the underlying molecular basis still remain un-
known. Previous studies have indicated that PEI-mediated cell
death is dynamic and manifests through apoptosis, necrosis or au-
tophagy [11,12,16–19], conceivably as a result of biomembrane desta-
bilization, mitochondrial dysfunction and integrated bioenergetic crisis
[2,12,20].

The integrated process of mitochondrial respiration is referred to
as oxidative phosphorylation (OXPHOS) [21–23]. Briefly, enzyme-
catalyzed substrate oxidation in the tricarboxylic acid cycle (TCA)
generates nicotinamide adenine dinucleotide (NADH) and flavin ad-
enine dinucleotide (FADH2), providing a source of electrons for the
electron transport system (ETS) through Complex I (CI) and Com-
plex II (CII), respectively. Subsequently, electrons flow from CI and
CII via the Q-pool to Complex III (CIII), followed by electron transfer
to Complex IV (CIV), also known as cytochrome c oxidase, where ox-
ygen acts as the final electron acceptor [22,24]. Electron flow
through the ETS is coupled with proton pumping by the inner mem-
brane complexes CI, CIII and CIV, generating an electrochemical pro-
ton motive force (Δp), utilized by the mitochondrial F0/F1-ATP
synthase to produce ATP [21–25]. Insufficient cellular ATP produc-
tion results in ATP depletion and cellular stress, and fluctuations in
ATP levels may induce cell death through various pathways
[26–28]. Previously, both linear and branched PEIs were shown to in-
duce mitochondrial depolarization and cytochrome c (cyt c) release
in various human cell lines [11,12,19]. Moreover, we recently demon-
strated that cellular exposure to the 25 kDa branched PEI (25 k-PEI-B)
initiates gradual time- and concentration-dependent reduction of the
Δp and OXPHOS capacity through mild mitochondrial uncoupling and
rapid impairment of ETS activity via a potent CIV inhibition [20]. Subse-
quent to these changes, cells were shown to suffer from bioenergetic
crisis, resulting in cell death [20]. Cellular bioenergetic processes are
widely interconnected and most cells can fully or partially compensate
for decreasing ATP production via OXPHOS by accelerating glycolytic
ATP production [29]. Therefore, simultaneous investigations of
OXPHOS and glycolysis are more informative in an overall attempt to
understand the mechanistic impact of external insults (such as PEI ex-
posure) on cellular bioenergetics.

In addition to producing ATP, OXPHOS generates reactive oxygen spe-
cies (ROS) as a by-product [30,31]. The latter is formed mainly through
electron leakage at CI and CIII, resulting in oxidative stress that may in-
duce a cytotoxic response [31–33]. To counteract oxidative stress, the
cell utilizes endogenous antioxidant glutathione (GSH) for restoration
of redox homeostasis [34,35]. In the process, GSH is oxidized to GSH di-
sulfide (GSSG), requiring the activity of glutathione reductase for
NADPH dependent conversion of GSSG back to GSH, in order to re-
establish the cellular redox capacity [34]. Either a decline in intracellular
NADPH levels or an overwhelming increase of ROS can exceed the cell's
ability to reduce GSSG to GSH, resulting in depletion of intracellular
GSH [35]. Enzymes in the pentose phosphate pathway (PPP) and in
mitochondrial–cytosolic NADP-linked pathways, involving isocitrate de-
hydrogenases (IDHs) and malic enzyme (ME), are known to be
vital for maintaining intracellular NADPH pools, thus demonstrating
the importance of functional mitochondria and adequate glycolytic
flux through the PPP for redox homeostasis [36–38].

PEIs can perturb biomembranes and modulate transfection efficacy
and cell death in a size- and architecture-dependent manner [2,12–15,
20]. Therefore, it would be imperative to analyze the impact of PEI mor-
phology (branched versus linear) and concentration on destabilization
of plasma membrane and mitochondrial membranes with conse-
quences on dynamic dimensions of bioenergetic and redox homeostatic
processes that modulate cellular responses to injury. Accordingly, the
capacity of OXPHOS, mitochondrial proton leak and the activity of the
ETS were investigated in intact cells, permeabilized cells, isolated mito-
chondria and ‘broken mitochondria’. The GSH/GSSG ratio, NADPH and
ROS levels were used as indicators of intracellular redox status. A better
mechanistic understanding of polycation-mediated biomembrane and
metabolic perturbation events could open the path for design of safer
polymers through assimilated combinatorial and medium/high-
throughput chemical/metabolomic approaches.

2. Materials and methods

2.1. Materials

The 25k-PEI-B (dissolved inmilli-Q H2O), Citrate Synthase Assay Kit,
NADP/NADPH Quantification Kit and Glutathione Assay Kit were pur-
chased from Sigma-Aldrich (Denmark). The 10k-PEI-B and 25k-PEI-L
were purchased from Polysciences (Germany) and dissolved in milli-Q
water. The XF Cell Mito Stress Kit and XF Plasma Membrane
Permeabilizer (PMP) were purchased from Seahorse Bioscience
(Denmark). The ATPlite luminescence assay system was purchased
from Perkin Elmer (Skovlunde, Denmark). All other compounds were
purchased from Sigma-Aldrich (Denmark).

2.2. Cell culture

H1299 cells (ATCC number: CRL-5803; Sigma-Aldrich) were cul-
tured in Roswell Park Memorial Institute (RPMI) 1640 medium at 37
°C with 0.1 mg/mL penicillin/streptomycin, 2 mM L-Glutamine and
10% v/v FBS in 21% O2 and 5% CO2. C2C12 cells (ATCC number: CRL-
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1772; Sigma-Aldrich) were cultured in Dulbecco's Modified Eagle's Me-
dium (DMEM) at 37 °C with 0.1 mg/mL penicillin/streptomycin, 2 mM
L-Glutamine and 10% v/v FBS in 21% O2 and 5% CO2. Cellular quantifica-
tion assay, ATP, NADPH and ROS measurements, GSH and GSSG quanti-
fication experiments, transfection analysis and immunoblot analysis,
were performed following exposure of diverse PEIs, at different concen-
trations and exposure times, in growth medium at 37 °C and at cellular
confluence of 60–70%. Regarding experiments using NAC, 5 mM of NAC
was applied.

2.3. Cell quantification assay

Cell numbers were examined following PEI exposure by quantifica-
tion of adherent cells using crystal violet staining procedures [39]. In
brief, following PEI exposure cells were washed first with PBS (pH,
7.4) and then fixed with glutaraldehyde for 15 min. Next, cells were
stained with crystal violet solution (0.1% crystal violet, 20% CH3OH)
for 1 h and washing in de-ionized water. Thereafter, the dye was ex-
tracted by 10% v/v acetic acid for at least 18 h and the absorbance re-
corded at λ = 595 nm in a Tecan microplate reader (Infinite M200,
Tecan Nordic AB, Sweden).

2.4. Freshly isolated mouse liver mitochondria and freeze–thawed mito-
chondrial preparation (‘broken mitochondria’)

Mouse liver mitochondria were isolated from young female NMRI
mice (approximately 8–12 weeks old and 35–40 g in body weight) as
previously described [20]. ‘Broken mitochondria’ were obtained by
three freezing–thawing cycle disruption of isolated mouse liver
mitochondria as reported earlier [20]. The activity of CIV following PEI
exposure was monitored in ‘broken mitochondria’ with high-resolution
respirometry (OROBOROS Oxygraph-2k, Innsbruck, Austria) as de-
scribed in detail elsewhere [20].

2.5. Real-time investigations of OCR and ECAR

Analyses of bioenergetic processes were performed in intact cells,
permeabilized cells and freshly isolated mouse liver mitochondria by
using XF96 extracellular flux analyzer with XF96 V3 cell culture micro-
plates (Seahorse Bioscience). Cells were seeded in XF96 V3 cell culture
microplates at a density of 1 × 104 cells/well in growth medium the
day before. Depending on the type of the experiment, the effect of PEI
exposure on OCR and ECAR in intact cells were investigated at 37 °C in
either Seahorse assay buffer (containing 10 mM glucose, 10 mM pyru-
vate, at pH 7.4) or basic DMEM medium (containing 10 mM glucose,
pH 7.4). Mitochondrial respiratory states, respiratory control ratio
(RCR) and coupling efficiency of OXPHOS were investigated according
to a previously validated protocol [24,40]. The following compounds
and concentrations were added depending on type of the experiment:
oligomycin A (1 μM); FCCP (optimized concentrations of 0.9 μM
for H1299 cells and 1.0 μM for C2C12, respectively); antimycin-A
(2.5 μM); rotenone (2.5 μM); 2-deoxyglucose (50 mM).

2.6. Mitochondrial activity in permeabilized cells

The effect of PEI exposure on mitochondrial activity in perme-
abilized cells was investigated in mitochondrial respiratory medium
(MAS) containing sucrose (70 mM), mannitol (220 mM), KH2PO4

(10 mM), MgCl2 (5 mM), HEPES (2 mM), EGTA (1 mM), 0.2% (w/v)
BSA free of fatty acids, at pH 7.4 and 37 °C, and in the presence of succi-
nate (10mM) and rotenone (2.5 μM). Briefly, prior to investigation, cells
were exposed to different concentrations of structurally diverse PEIs for
15 min. Subsequent to PEI exposure a saturating concentration of ADP
(4 mM) was added together with XF Plasma Membrane Permeabilizer
(PMP, 1 nM) for controlled plasmamembrane permeabilization and es-
timation of mitochondrial ATP synthesis. Thereafter, ATP synthase was
inhibited by addition of oligomycin (1 μM) for detection ofmitochondrial
proton leak (LEAK respiration). Next, antimycin-A (2.5 μM) was added
for measurement of non-mitochondrial respiration. The OXPHOS capac-
ity for ATP production (oligomycin-sensitive respiration) was calculated
as the difference between maximum ADP-stimulated respiration and
LEAK respiration.

2.7. Activity of freshly isolated mouse liver mitochondria

The effect of PEI exposure onmitochondrial activity in freshly isolated
mouse liver mitochondria was investigated in mitochondrial respiratory
medium (MAS) containing sucrose (70 mM), mannitol (220 mM),
KH2PO4 (10 mM), MgCl2 (5 mM), HEPES (2 mM), EGTA (1 mM) and
0.2% (w/v) BSA free of fatty acids, at pH 7.4 and 37 °C. Isolatedmitochon-
dria was loaded in XF96 V3 cell culture microplates at 2.5 μg/well, and
the plate was centrifuged at 2000 ×g for 10 min at 4 °C, to adhere mito-
chondria to the plate. Briefly, prior to investigation, isolated mitochon-
dria were challenged with different concentrations of structurally
diverse PEIs for 15 min. Leak respiration (state 2) was first investigated
in the presence of respiratory substrates (5 mM glutamate and 5 mM
malate, or 10 mM succinate and 2.5 μM rotenone) before the addition
of a saturating concentration of ADP (4 mM) which results in maximum
ADP-stimulated respiration (state 3) andATP synthesis by themitochon-
drial F0/F1-ATP synthase. Thereafter, oligomycin was added to inhibit
ATP synthase and to achieve non-phosphorylating leak respiration
(state 4o). Finally, non-mitochondrial respiration was obtained through
combined addition of rotenone (2.5 μM) and antimycin-A (2.5 μM).
OXPHOS capacity (oligomycin-sensitive respiration) was calculated as
the difference between state 3 respiration and state 4o respiration.

2.8. Western blotting

Lysates from human H1299 NSCLC and mouse myoblast C2C12 cell
lines were produced after treatment with PEIs for 30 min and 2 h, re-
spectively. Medium was aspirated and cells washed twice with ice-
cold Dulbecco's Phosphate Buffered Saline [–] CaCl2 [–] MgCl2 (GibcoR

by life technologies) and then scraped off the plastic in the presence of
RIPA buffer (150 mM NaCl, 1% IGEPAL CA 6305, 0.5% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS and 50 mM Tris pH 8) supplemented
with a protease inhibitor cocktail (Complete™) and phosphatase inhib-
itors (PhosSTOP™). Extracts were snap-frozen in liquid nitrogen and
stored at −80 °C until use. The protein content was measured using
Protein Assay Dye Reagent (Bio-Rad). Next, 50 μg protein from H1299
cell line and 100 μg from C2C12 cell line was separated on NuPage™
4–12% Bis–Tris polyacrylamide gels (Invitrogen) using NuPage™
MOPS SDS Running Buffer and NuPage™ Antioxidant (Invitrogen™).
Antibodies used were as follows: rabbit anti-phosphorylated AMPKα
(P-Thr172) (Cell Signaling #2535), rabbit AMPKα (Cell Signaling
#2603) and rabbit β-Actin (13E5) (Cell Signaling # 4970).

2.9. ATP measurements

The concentration of ATP was determined using a modified method
based on the ATPlite™ luminescence assay system. Briefly, cells were
incubated for 2 or 4 h with different PEIs at different concentrations.
Samples were collected by lysing the cells with 750 μL lysis solution
(2:1 medium:cell lysis buffer) (ATPlite™, Perkin Elmer). Extracellular
ATP levels were determined through measurements of ATP concentra-
tions in growth medium following cellular exposure to different con-
centrations of PEIs at selected time points. ATP levels were measured
based on triplicate aliquots taken from the sample in 3:1 ratio with sub-
strate solution (ATPlite™, Perkin Elmer). Luminescencewas recorded in
a Tecan microplate reader (Infinite M200, Tecan Nordic AB, Sweden)
and ATP levels were normalized for protein content determined using
Bradford assay.



Fig. 2. The effects of PEI concentration and exposure time on respiratory states in intact H1299 cells. In all panels thewhite open columns represent untreated control incubation and light
grey, dark grey and black columns represent 25k-PEI-B, 10k-PEI-B and 25k-PEI-L, respectively. (a) Basal respiration, (b) proton leak, (c) maximum respiratory rate (MRR), and
(d) oligomycin-sensitive respiration. OCR (pmol/min/10,000 cells) is corrected for non-mitochondrial respiration. Data are presented as the mean (n = 6) ± SD and statistical analysis
was performed using one-way ANOVA and Tukey's multiple comparisons test (*p b 0.05; **p b 0.01).
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2.10. Lactate dehydrogenase (LDH) release assay

Lactate dehydrogenase (LDH) release was investigated at different
time points following exposure to different concentrations of PEIs.
LDH measurements were performed with CytoTox96 Non-Radioactive
Cytotoxicity Assay kit (Promega). The maximum amount of LDH in the
cells was measured (following addition of lysis solution) and presented
as 100% LDH release. The PEI-induced LDH release as well as to sponta-
neous cellular LDH release (untreated cells) were compared with the
total LDH release and presented as %LDH relative to the total amount
of intracellular LDH.

2.11. Enzyme activity assays

Citrate Synthase Assay Kit (Sigma-Aldrich) was used to investigate
the effect of PEI exposure on mitochondrial inner membrane integrity
in freshly isolated mouse liver mitochondria. Briefly, isolated mitochon-
dria (250 μg protein/mL) were incubated with different concentrations
of diverse PEIs for 20min at room temperature inmitochondrial respira-
tory medium (MAS) containing sucrose (70 mM), mannitol (220 mM),
KH2PO4 (10 mM), MgCl2 (5 mM), HEPES (2 mM), EGTA (1 mM) and
0.2% (w/v) BSA free of fatty acids, at pH 7.4. Thereafter, samples were
centrifuged at 9000 ×g for 5 min at 4 °C in order to separate mitochon-
dria from the supernatant. CS activity was measured in the supernatant
atλ=412nm in a Tecanmicroplate reader (InfiniteM200, TecanNordic
AB, Sweden) according to manufacturer's instructions.

NADPH levels were quantifiedwith NADP/NADPHQuantification Kit
(Sigma-Aldrich). Briefly, cellswerewashed twicewith cold PBS, scraped
and extracted in NADP/NADPH extraction buffer and by two freeze–
thawing cycles. Afterward, samples were centrifuged at 13,000 ×g for
10 min. The NADP was decomposed by heating samples at 60 °C for
30 min. The NADPH levels in the supernatants were quantified
with a colorimetric assay at λ=450 nm in a Tecanmicroplate reader
(Infinite M200, Tecan Nordic AB, Sweden) and the NADPH concentra-
tion (nmol/μg protein) was calculated according to the manufacturer's
instruction. Total protein contents of the samples were determined
using Bradford assay.

GSH and GSSG levels were investigated using Glutathione Assay Kit
(Sigma-Aldrich). Briefly, cellswerewashed twicewith cold PBS, scraped
and deproteinized in 5% 5-sulfosalicylic acid solution followed by two
freeze–thawing cycles. Then samples were centrifuged at 10,000 ×g
for 10 min. The supernatants were removed for analysis according to
the manufacturer’s instruction. Determination of GSSG levels was
performed after derivatization of GSH by addition of 2 μL of 2-
vinylpyridine (Sigma-Aldrich) per 100 μL sample. Total GSH and GSSG
levels were determined according to the manufacturer's instruction at
λ= 412 nm in a Tecan microplate reader (Infinite M200, Tecan Nordic
AB, Sweden). GSH and GSSG levels were normalized for protein content
determined using Bradford assay.

2.12. ROS measurements

General levels of ROS were measured using the fluorescent probe
5,6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-
H2DCFDA) (Invitrogen). Briefly, 100,000 cells were seeded in normal
medium in small tissue culture flasks two days before measurement.
On the analysis day, the flasks were first pretreated for one hour with
5 mM N-acetylcysteine when appropriate, and then either treated
with 8 μg/mL PEI, antimycin A plus rotenone (5 μM each) or 50 μM
tert-butyl hydroperoxide (TBHP) for 2 h. Medium was then changed
to DME/F12 medium containing 1% v/v FBS and 10 μM carboxy-
H2DCFDA and cells incubated for a further 30 min. Finally, cells were
trypsinized and washed in PBS containing 1% v/v FBS and the amount
of intracellular ROS measured in a FACSCalibur™ flow cytometer using
the Argon Ion laser and FL1 green emission filter.
2.13. Polyplex formation

25k-PEI-B and 10k-PEI-B were complexed with plasmid DNA and
characterized as previously described [1]. Briefly, PEI and DNA
(pcDNA3-EGFP) were diluted in 150 mM NaCl. PEI was then added to
DNA (1.8 μg/mL DNA/well) at N/P = 7 during vortexing and left at
room temperature for 10 min prior to addition to cells.

2.14. Transfection efficiency

H1299 and C2C12 cells were seeded in 12 well plates (20 × 103

cells/well) and grown for 2 days. On the day of treatment the cell me-
dium was replaced with fresh medium. Cells were then treated with
NAC (5 mM) and PEI:DNA polyplexes and incubated (37 °C, 5% CO2)
for 48 h. Following incubation the cell medium was collected and
cells were washed in PBS and detached by trypzination (0,5 g/L Por-
cine trypsin, 0,2 g/L EDTA, 0,09% sodium chloride). The collected cul-
ture medium and the detached cells were centrifuged at 800 × g for
10 min and the resulting pellet was resuspended in 250 μL PBS. The
percentage of GFP expressing cells in the FL-1 channel and the
gated healthy population were analyzed by flow cytometry on BD
FACS array.

2.15. Statistical analysis

Results are expressed as the means and SD from at least three inde-
pendent experiments except stated otherwise. Statistical analysis of
multiple groupswas performedwith one-way ANOVAand Tukey'smul-
tiple comparison method. Statistical analysis between two groups was
performed with paired student t-test. Values of p b 0.05 were consid-
ered significant.

3. Results

3.1.Morphologically diverse PEIs showdifferential impact onmitochondrial
respiration

Here we have focused on two validated cellular models that have
been used in studies of bioenergetics and mitochondrial poisons (the
human non-small cell lung carcinoma cell line H1299 and the skeletal
myoblasts C2C12) [20,41]. We started by investigating the effects of
PEI architecture and concentration on cell numbers. Comparedwith lin-
ear 25 kDa PEI (25k-PEI-L), cellular exposure to branched PEIs of either
10 kDa (10k-PEI-B) or 25 kDa (25k-PEI-B) resulted in higher overall re-
duction in the number of H1299 and C2C12 cells (Supplementary
Figure S1).

Next, we studied the time- and concentration-dependent effect of
PEI architecture on mitochondrial respiratory states in intact cells
through real-time measurements of oxygen consumption rate (OCR)
by utilizing the cell respiratory control protocol [24,40]. Fig. 1 illustrates
the experimental protocol and defines individual respiratory states
(representative traces of OCR measurements are presented in Supple-
mentary Figures S2 & S3). The results in Fig. 2a and Supplementary
Figure S4a depict changes in basal respiration following PEI exposure
in the two cell lines. In H1299 cells, 25k-PEI-B, at a low concentration
(1 μg/mL), significantly increasedOCRwithin 5min of exposure, where-
as at higher concentrations (8 μg/mL), there was an immediate and sig-
nificant decrease in OCR. With longer exposure times (20 and 90 min),
OCR was gradually reduced with all tested PEI concentrations, but the
effect was more pronounced with increasing the polycation concentra-
tion (Fig. 2a). On the other hand, exposure of C2C12 cells to 25k-PEI-B at
concentrations of 1–4 μg/mL resulted in an early (5 min) increase in
OCR, however, at longer exposure times (20 and 90 min), polycation
concentrations of 2–8 μg/mL was sufficient to significantly decrease
OCR (Supplementary Figure S4a). The 10k-PEI-B affected basal respira-
tion in a similar manner to 25k-PEI-B in both cell lines, however, higher
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concentrations of 10 k-PEI-B were needed to obtain the same degree of
OCR reduction as seenwith 25k-PEI-B, and inH1299 cells, 10k-PEI-B did
not increase OCR at early time points (5 min) (Fig. 2a & Supplementary
Figure S4a). In contrast to branched PEIs, 25k-PEI-L significantly in-
creased OCR at early time points (within 5 min) in both cell lines, but
OCR did not decline as rapidly as seen with branched polycations.
Lower OCR was only observed with 25k-PEI-L at 8 μg/mL for 20 and
90 min exposure time in H1299 cells, and at 90 min with 8 μg/mL in
C2C12 cells (Fig. 2a & Supplementary Figure S4a).

Besides changes in basal respiration, exposure to branched PEIs sig-
nificantly increased mitochondrial proton leak in both cell lines at early
time points (5 min), but this was followed by decreasing proton leak
in a concentration-dependent manner (Fig. 2b & Supplementary
Figure S4b). In contrast to the branched species, 25k-PEI-L initiated
less alteration of proton leak (Fig. 2b & Supplementary Figure S4b).
Subsequently, we investigated the maximum respiratory rate
(MRR) to assess the maximum activity of the ETS following PEI expo-
sure. In both cell lines, all three types of PEI reduced MRR in a
concentration- and time-dependent manner, although to different
degrees (Fig. 2c & Supplementary Figure S4c). In contrast to the lin-
ear polycation, the branched forms of PEI (25k-PEI-B and 10k-PEI-B)
were found to be effective inhibitors of MRR, with the 25k-PEI-B
being most potent.
Table 1
Respiratory control ratio and coupling efficiency of OXPHOS in H1299 and C2C12 cells followin

Respiratory control ratio H1299 cells

Time [min] 5 20 90

Control 13.2 ± 1.0 13.3 ± 0.5 12.2
25 k-PEI-B
1 μg/mL 7.7 ± 1.4 * 7.6 ± 0.8 * 5.2
2 μg/mL 5.7 ± 0.9 ** 5.3 ± 1.0 ** 3.8
4 μg/mL 4.2 ± 1.4 ** 2.9 ± 0.5 ** 2.5
8 μg/mL 2.5 ± 0.4 ** 2.4 ± 0.7 ** 1.8

10k-PEI-B
1 μg/mL 10.1 ± 1.6 9.9 ± 2.0 9.2
2 μg/mL 7.1 ± 0.5 * 5.7 ± 0.8 ** 5.7
4 μg/mL 5.1 ± 0.7 ** 4.8 ± 1.0 ** 4.3
8 μg/mL 3.5 ± 0.6 ** 3.3 ± 0.5 ** 2.2

25k-PEI-L
1 μg/mL 11.2 ± 1.1 11.6 ± 1.6 11.5
2 μg/mL 12.2 ± 2.8 9.7 ± 1.2 9.5
4 μg/mL 9.1 ± 1.2 8.4 ± 0.8 * 8.2
8 μg/mL 7.8 ± 1.2 * 7.8 ± 0.6 * 7.2

Coupling efficiency H1299 cells

Time [min] 5 20 90

Control 0.83 ± 0.01 0.81 ± 0.01 0.82
25k-PEI-B
1 μg/mL 0.76 ± 0.01 0.73 ± 0.03 0.70
2 μg/mL 0.73 ± 0.02 0.70 ± 0.02 * 0.61
4 μg/mL 0.70 ± 0.02 * 0.62 ± 0.03 ** 0.51
8 μg/mL 0.66 ± 0.02 * 0.53 ± 0.02 ** 0.42

10k-PEI-B
1 μg/mL 0.78 ± 0.02 0.77 ± 0.04 0.74
2 μg/mL 0.74 ± 0.03 0.73 ± 0.02 0.70
4 μg/mL 0.73 ± 0.01 0.67 ± 0.03 * 0.63
8 μg/mL 0.70 ± 0.01 * 0.61 ± 0.02 ** 0.49

25k-PEI-L
1 μg/mL 0.82 ± 0.01 0.83 ± 0.03 0.81
2 μg/mL 0.83 ± 0.03 0.84 ± 0.02 0.82
4 μg/mL 0.82 ± 0.02 0.78 ± 0.03 0.78
8 μg/mL 0.81 ± 0.03 0.73 ± 0.01 0.71

Respiratory control ratio (RCR) and coupling efficiency of OXPHOS are calculated from the data
RCR is the ratio of maximum respiratory rate (MRR) and mitochondrial proton leak (RCR = M
respiratory substrates and ATP synthesis. The coupling efficiency of OXPHOS is calculated as the
tion of protons being used by the ATP synthase for generation of ATP relative to the fraction of p
basal respiration). Statistical analyses were performed with one-way ANOVA, using Tukey's m
Next, we calculated the effect of PEI exposure on oligomycin-
sensitive respiration (mitochondrial ATP synthesis). In C2C12 cells,
oligomycin-sensitive respiration was significantly increased after 5 min
of exposure to branched PEIs (Supplementary Figure S4d), but gradually
declined in both cell lines (20 and 90min) in a concentration-dependent
manner (Fig. 2d & Supplementary Figure S4d). In contrast, exposure to
the linear PEI increased oligomycin-sensitive respiration in both cell
lines at 5 min with all tested concentrations, and the increase in
respiration remained stable over longer periods of time (Fig. 2d &
Supplementary Figure S4d). However, at later time points (between
20–90min inH1299 cells and 90min in C2C12 cells) a higher concentra-
tion (8 μg/mL) of the linear polycation was required to decrease
oligomycin-sensitive respiration.

To obtain comparable estimates of mitochondrial efficiency in cells
following PEI exposure, we subsequently calculated the mitochondrial
respiratory control ratio (RCR) and the coupling efficiency of OXPHOS
(Table 1). This was based on the analysis of themitochondrial respirato-
ry states (Fig. 2 & Supplementary Figure S4) in accordance with
previous studies [39,40]. The RCR indicates the mitochondrial capacity
for oxidation of respiratory substrates and ATP synthesis, whereas the
coupling efficiency of OXPHOS denotes the fraction of protons being
used by the F0/F1-ATP synthase for the generation of ATP relative to pro-
ton leak across the mitochondrial inner membrane. Indeed, all three
g PEI exposure.

C2C12 cells

5 20 90

± 1.1 14.8 ± 1.8 15.1 ± 1.5 15.4 ± 1.2

± 0.7 ** 9.7 ± 1.8 * 9.5 ± 1.3 * 8.5 ± 1.4 *
± 0.6 ** 8.2 ± 0.9 * 6.1 ± 0.8 ** 6.3 ± 1.1 **
± 0.3 ** 5.6 ± 0.5 ** 5.3 ± 0.8 ** 4.8 ± 0.4 **
± 0.4 ** 5.0 ± 1.3 ** 3.6 ± 0.5 ** 3.3 ± 0.5 **

± 0.7 14.4 ± 0.9 15.4 ± 2.1 15.6 ± 1.5
± 1.2 ** 11.8 ± 1.9 10.6 ± 1.2 * 9.5 ± 1.0 *
± 0.2 ** 8.3 ± 1.5 * 7.1 ± 1.1 ** 6.1 ± 0.9 **
± 0.5 ** 6.7 ± 1.1 ** 5.8 ± 1.5 ** 4.4 ± 0.5 **

± 0.6 15.5 ± 1.3 15.0 ± 0.8 14.7 ± 0.9
± 1.4 14.1 ± 2.1 14.5 ± 1.6 13.5 ± 1.4
± 0.6 * 13.2 ± 1.5 11.3 ± 0.8 12.7 ± 1.2
± 0.8 * 13.1 ± 1.0 9.6 ± 0.7 * 5.0 ± 1.1 **

C2C12 cells

5 20 90

± 0.01 0.90 ± 0.03 0.88 ± 0.03 0.91 ± 0.04

± 0.02 * 0.88 ± 0.02 0.87 ± 0.04 0.86 ± 0.03
± 0.04 ** 0.85 ± 0.04 0.85 ± 0.03 0.84 ± 0.02
± 0.02 ** 0.85 ± 0.03 0.83 ± 0.04 0.62 ± 0.05 **
± 0.04 ** 0.78 ± 0.03 * 0.70 ± 0.03 ** 0.46 ± 0.06 **

± 0.01 0.89 ± 0.03 0.91 ± 0.03 0.90 ± 0.03
± 0.02 * 0.87 ± 0.03 0.89 ± 0.02 0.89 ± 0.04
± 0.02 ** 0.84 ± 0.01 0.76 ± 0.02 * 0.61 ± 0.03 **
± 0.04 ** 0.86 ± 0.04 0.74 ± 0.04 * 0.58 ± 0.05 **

± 0.02 0.91 ± 0.04 0.88 ± 0.04 0.89 ± 0.02
± 0.01 0.89 ± 0.02 0.92 ± 0.05 0.91 ± 0.05
± 0.01 0.92 ± 0.01 0.91 ± 0.03 0.92 ± 0.03
± 0.02 * 0.88 ± 0.02 0.87 ± 0.04 0.75 ± 0.04 *

in Fig. 2 and Supplementary Figure S4 and is presented as the means ± SD (n = 6). The
RR/proton leak). The RCR gives an estimate of the mitochondrial capacity for oxidation of
ratio between basal respiration and oligomycin-sensitive respiration and denotes the frac-
rotons leaking over themitochondrial innermembrane (oligomycin-sensitive respiration/
ultiple comparisons correction to calculate significance (* p b 0.05; ** p b 0.01).
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forms of PEIs significantly reduced both the RCR and the coupling effi-
ciency of OXPHOS in a time- and concentration-dependent manner
(Table 1). The branched polycations were generally more potent than
the linear species and the larger branched PEI (25 kDa) was more
detrimental to mitochondrial functions than the smaller counterpart
(10k-PEI-B).

Nextwe studied the effect of PEI exposure onmitochondrial function
through analysis of OXPHOS capacity in cells following controlled plas-
ma membrane permeabilization [24] (Supplementary Figures S5–S7).
All types of PEIs reduced the OXPHOS capacity in a concentration-
dependent manner, but in comparison with linear PEI, the branched
molecules were more potent inhibitors of OXPHOS capacity (Fig. 3). In-
vestigations of PEI exposure to freshly isolated mouse liver mitochon-
dria further showed that both linear and branched PEIs inhibit
OXPHOS capacity (Fig. 4a & b & c & Supplementary Figures S8–S10)
and induce proton leak (state 2 and state 4o respiration) (Supplementa-
ry Figures S11 & S12), and citrate synthase (CS) leak across the mito-
chondrial inner membrane (Fig. 4d) in a concentration-dependent
manner, with the 25 k-PEI-B being themost potent polycation. Interest-
ingly, experiments with ‘broken mitochondria’ (freeze-thawed
mitochondrial preparation) showed that all PEIs inhibited CIV at very
low concentrations (0.1–0.5 μg/mL), although 25 k-PEI-B again was
most potent (Fig. 4e). However, with increasing PEI concentrations
(1–3 μg/mL), the inhibitory effect of the linear PEI approaches and sur-
passes that of the branched architecture (Fig. 4e).

Collectively, the above experiments indicate that structurally diverse
PEIs, in a concentration-dependent manner, impair the mitochondrial
OXPHOS capacity and inhibit CIV activity differentially, with the
25 kDa branched PEI being more potent than its linear counterpart at
low concentrations. Furthermore, the data suggest that with increased
Fig. 3. OXPHOS capacity in permeabilized C2C12 cells following exposure to different PEIs. (a
(10mM), rotenone (2.5 μM) and different concentrations of PEIs. Following PEI exposure, addit
OXPHOS. Next, oligomycin (oligo; 1 μM)was applied to inhibit F0/F1-ATP synthase for evaluation
flow through CIII. (b) Relative OXPHOS capacity (oligomycin-sensitive respiration) in permeabil
grey) and 25 k-PEI-L (black). Data are presented as themean (n=6)±SD and statistical analys
**p b 0.01).
accessibility to mitochondria (permabilized cells, isolatedmitochondria
and ‘broken mitochondria’), the detrimental effect of the linear PEI
approaches that of the branched polycations.

3.2. PEIs affect the overall bioenergetics in an architecture-dependent
manner

Mitochondrial dysfunction can give rise to increased glycolytic flux
to maintain ATP production in response to reduced OXPHOS capacity
[29]. Therefore, simultaneousmeasurement of bothOCR and extracellu-
lar acidification rates (ECAR) enables a more comprehensive assess-
ment of cellular energetics, and provides more detailed insights into
the dynamic interplay between these two energy-yielding pathways.
Accordingly, we performed parallel investigations of both ECAR and
OCR in intact cells at the same time following PEI exposure (Fig. 5a &
b & Supplementary Figures S2 & S3). In accordance with investigations
into mitochondrial function in intact cells following PEI exposure
(Fig. 2 & Supplementary Figures S2–S4), branched PEIs exerted more
potent time- and concentration-dependent impairment of OCR com-
pared with the linear counterpart (Fig. 5a & Supplementary Figures S2
& S3). Following PEI addition, ECAR increased in both cell lines, however,
subsequent to the initial increase branched PEIs caused a rapid time- and
concentration-dependent collapse of ECAR. On the contrary, no reduc-
tion was observed in ECAR when cells were exposed to linear PEI
(Fig. 5b & Supplementary Figures S2 & S3). As a result of the differences
observed between the branched and linear PEIs on the OCR and ECAR,
we further investigated the consequential effects of PEI exposure on in-
tracellular ATP levels (Fig. 5c). The 25 k-PEI-B was found to reduce in-
tracellular ATP levels in a time- and concentration-dependent manner
in the range of 2–8 μg/mL. The 10k-PEI-B similarly reduced ATP levels
) Representative traces of OCR (% of baseline) in MAS buffer in the presence of succinate
ion of 1 nMPMP (plasmamembrane permeabilizer) and ADP (4mM)wasmade to initiate
of leak respiration. Thereafter, antimycin-A (Anti-A; 2.5 μM)was added to inhibit electron
ized C2C12 cells following PEI exposure. Columns: 25 k-PEI-B (light grey), 10 k-PEI-B (dark
is was performedusing one-wayANOVA and Tukey'smultiple comparisons test (*p b 0.05;
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in a time- and concentration-dependent manner, although exposure
with higher concentrations was needed (4–8 μg/mL). In contrast, expo-
sure with the 25k-PEI-L only resulted in decreased ATP levels at higher
concentrations (8 μg/mL), thus reflecting the milder inhibitory effect of
the 25k-PEI-L on both OXPHOS capacity and glycolysis. In addition,
early time exposure (10–60 min) to higher quantities (4–8 μg/mL) of
PEIs increased the extracellular ATP levels in a concentration-
dependent manner, a phenomenon which was more prominent with
the branched morphology (Supplementary Figure S13). In agreement
with our previous study [20], this indicates that plasma membrane de-
stabilization/perturbation events by PEIs are partially responsible for
the decline in intracellular ATP levels and particularly at higher
polycation concentrations. Moreover, the extracellular ATP levels
peaked at 30 min of PEI exposure and thereafter gradually declined
(Supplementary Figure S13), although the intracellular ATP levels
were not completely depleted (Fig. 5c). This decline in total extracellu-
lar ATP levels is presumably due to some ATP hydrolysis (e.g. through a
cascade hydrolysis process by ectonucleotidases that are presumably
released through PEI-mediated plasma membrane destabilization)
and/or indicative of intracellular ATP utilization for membrane repair
events, at least with respect to modest levels of injury in some cell
populations.

Further experiments, using the non-metabolizable glucose analogue
2-deoxy-D-glucose (2-DG), demonstrated that a large proportion of the
branched PEI-mediated reduction of ECARwas, indeed, attributed to de-
creased glycolytic flux (Fig. 6a). In addition, the initial increase of ECAR
following PEI exposure was also found to be due to increased glycolytic
activity, presumably as a consequence of PEI-mediated mitochondrial
injury and reduced mitochondrial ATP synthesis. Interestingly, cells ex-
posed to the linear PEIwere able to sustain a stable increase in glycolytic
flux without subsequent collapse at later time points (Fig. 6a). The
observed changes in ECAR were not directly linked to potential acidic/
alkaline properties of the polycations, since addition of PEIs to themedi-
umwithout cells had no effect on the pH of themedium (Supplementa-
ry Figure S14). Lactate dehydrogenase (LDH) is an important enzyme
for glycolytic activity and extracellular release of LDH release is
often used as a parameter indicating plasma membrane damage.
We found that all types of tested PEIs facilitated LDH release in a
time- and concentration-dependent manner, with the branched
morphology being more potent than the linear macromolecule
(Supplementary Figure S15). Accordingly, lower amount of intracel-
lular LDH might contribute to the collapse of glycolytic activity upon
exposure to higher concentrations (4 and 8 μg/mL) of the branched
PEIs.

The AMP kinase (AMPK) is a known metabolic regulator and a sen-
sor of bioenergetic stress, which can be activated by ATP deficiency
[42]. In line with the observed branched PEI-mediated perturbations
of OCR, ECAR and ATP levels, cellular exposure to branched PEIs caused
activation of AMPK in both H1299 and C2C12 cells as evident from in-
creased phosphorylation of Thr172 in the alpha subunit of AMPK
(Fig. 6b). Overall, the same qualitative effects were observed in both
cell lines, however the effects of 25k-PEI-B on ECAR and ATP levels
weremilder in C2C12 cells (Figs. 5c & 6a), which carried over into a less-
er activation of AMPK in these cells (Fig. 6b). Notably, exposure to linear
PEI did not result in increased activation of AMPK, which is in
Fig. 4.OXPHOScapacity in freshly isolatedmouse livermitochondria proceeding PEI exposure. (
(10mM succinate) togetherwith rotenone (2.5 μM) for CI inhibition, in combinationwith differ
3 respiration. Next, oligomycin (oligo; 1 μM)was applied to inhibit F0/F1-ATP synthase for evalu
inhibit electron flow through CIII. (b) OXPHOS capacity (state 3–state 4o) following PEI exposur
capacity (state 3–state 4o) following PEI exposure, in the presence of CI substrates (10mMgluta
themean (n= 6)± SD and statistical analysis was performed using one-way ANOVA and Tuke
from mitochondria following exposure to different PEIs (4 or 8 μg/mL). Treatments with the po
umn)were used as controls. Data are presented as the fold-difference in relation to non-treated
multiple comparisons test (*p b 0.05; **p b 0.01). (e) The effect of PEI exposure onCIV activity in
Rote (2.5 μM),malonic acid (5mM,Mna), Anti-A (2.5 μM) anddifferent concentrations of divers
columns in (b), (c), (d) and (e) are as follows: 25 k-PEI-B (light grey), 10 k-PEI-B (dark grey) o
agreement with the less detrimental effect of this species on OCR,
ECAR and ATP levels in both cell lines (Figs. 5 & 6a & Supplementary
Figures S2 & S3). Collectively, these data demonstrate that structurally
diverse PEIs affect cellular energy-yielding pathways differentially and
that the combined inhibition of OXPHOS and glycolysis by the branched
PEIs results in more severe bioenergetic stress than seenwith the linear
form.

Finally, a purified formof linear PEI (22 kDa) had almost identical im-
pact on OCR and ECAR as the 25k-PEI-L (Supplementary Figures S16 &
S17) as well as being less detrimental compared with the branched spe-
cies (Supplementary Figures S18 & S19). This strongly suggests that the
harmful effect of PEIs on bioenergetic processes is a function of their
structure and not the presence of low molecular weight amine and
other possible impurities and contaminants [43–45].
3.3. The cytotoxicity of branched PEIs is partly due to oxidative stress

Glycolytic flux through the PPP and the activity of NADP-linked en-
zymes in mitochondria-cytosolic pathways provide essential source of
NADPH for various biosynthetic processes [36–38]. Given our observa-
tion that structurally diverse PEIs affect glycolytic flux andmitochondri-
al functions differentially, we investigated the intracellular NADPH
levels following PEI exposure. These experiments showed that exposure
to branched PEIs results in reduction of NADPH levels (Fig. 6c), whereas
exposure to linear PEI did not significantly reduce NADPH (Fig. 6c). This
is consistent with the fact that the linear PEI does not impair glycolytic
activity (Figs. 5b & 6a) and is also less detrimental to mitochondrial
functions in intact cells (Fig. 2 & Supplementary Figure S4). ROS scav-
enging by GSH is partially dependent on the reductive power stored
within NADPH, and the GSH:GSSG ratio is a valid indicator of cellular
redox status [34,35]. When NADPH levels decline, the GSH:GSSG ratio
is expected to decrease, whereas the ROS level is expected to increase.
Indeed, the intracellular GSH:GSSG ratio was decreased following expo-
sure to branched PEIs, whereas no significant differences in the GSH:
GSSG ratio were observed on exposure to linear PEI (Fig. 6d). Moreover,
ROS levels increased upon branched PEI exposure, but not with the lin-
ear PEI (Fig. 7a & b & Supplementary Figure S20). Oxidative stress is a
potential cause of cell death across different cell types and treatments
[33]. Therefore, we investigated whether treatment with the GSH pre-
cursor N-acetyl-cysteine (NAC) could attenuate the cytotoxicity of
branched PEIs and, concomitantly, improve transfection performance.
The results in Fig. 7c & d (also Supplementary Figure S21) show that
NAC improved the fraction of adherent H1299 cells, which is also
reflected in lesser ROS production (Fig. 7b). In C2C12 cells, NAC treat-
ment significantly reduced the overall ROS generation by 25 k-PEI-B,
but the effect was marginal for the lower molecular weight 10 k-PEI-B
(Fig. 7b). For either type of branched PEIs, NAC exposure did not appar-
ently improve the total fraction of adherent C2C12 cells (Fig. 7c & d &
Supplementary Figure S21), however crystal violet staining is not repre-
sentative of cellular viability. Interestingly, NAC treatment increased the
number of viable H1299 and C2C12 cells that positively expressedGFP on
transfection with corresponding polyplexes containing GFP-encoding
plasmid DNA (Fig. 7e), thus implying a role for ROS in branched
PEI-mediated cellular injury.
a) Representative traces ofOCR (% of baseline) inMASbuffer in the presence of CII substrate
ent concentrations of PEIs. Following PEI exposure, ADP (4mM)was added to initiate state
ation of leak respiration (state 4o). Thereafter, antimycin-A (Anti-A; 2.5 μM)was added to
e, in the presence of CII substrates and electron flow through the CII–CIII–CIV. (c) OXPHOS
mate and 10mMmalate) and electron flow through the CI–CIII–CIV. Data are presented as
y's multiple comparisons test (*p b 0.05; **p b 0.01). (d) The leak of citrate synthase (C.S.)
re-forming peptide alamethicin (20 μg/mL) (hatched column) or without PEI (white col-
control (n= 5) and statistical analysis was performed using one-way ANOVA and Tukey's
‘brokenmitochondria’ in the presence of TMPD (0.5mM), ascorbate (2mM), cyt c (10 μM),
e PEIs. Sodiumazide (100mM,NaN3)was used as a control to complete CIV inhibition. The
r 25 k-PEI-L (black).



Fig. 5.Representative traces of parallel real-time measurements of (a) OCR and (b) ECAR in H1299 cells following exposure to different concentrations of 25 k-PEI-B (light grey),
10 k-PEI-B (dark grey) or 25 k-PEI-L (black). Oligomycin (oligo; 1 μM)was applied to inhibit F0/F1-ATP synthase, causing ATP production to shift primarily to glycolysis. Data are
presented as the means (n = 6) ± SD. (c) Intracellular ATP levels in H1299 and C2C12 cells following 2 and 4 h of incubation with different concentrations of 25 k-PEI-B (light
grey columns), 10 k-PEI-B (dark grey columns) and 25 k-PEI-L (black columns), respectively. Non-treated cells (white columns) or cells incubated for 2 h with a combination of
2-DG (10 mM) and oligomycin (oligo; 10 μM) (hatched columns) were used as controls. Data are presented as the mean (n = 4) ± SD and statistical analysis was performed
using one-way ANOVA and Tukey's multiple comparisons test (*p b 0.05; **p b 0.01).
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Fig. 6. The effect of PEI architecture and concentration on glycolytic flux, AMPK activation, NADPH levels and GSH:GSSG ratio. Panel (a) shows 2-DG sensitive ECAR in H1299 and C2C12
cells following exposure to different concentrations of 25 k-PEI-B (light grey), 10 k-PEI-B (dark grey) and 25 k-PEI-L (black), respectively. Oligomycin (oligo; 1 μM)was used as a control to
inhibit mitochondrial ATP production and to shift energy production primarily to glycolysis. Data are presented as the means (n= 6)± SD. (b) Immunoblot analysis of AMPK activation
following exposure to 4 or 8 μg/mL of 25 k-PEI-B, 10 k-PEI-B or 25 k-PEI-L, showing phospho-(Thr172)-AMPKα, total AMPKα and β-actin. Panel (c) shows intracellular NADPH levels in
H1299 and C2C12 cells following 2 h exposure to different PEIs at either 4 or 8 μg/mL. Panel (d) represent GSH:GSSG ratio inH1299 and C2C12 cells at 2 h exposurewith different PEIs. In c
& d, thedatawere normalized for protein content and are presented as themean (n=4)±SD. The columns in (c) & (d) are as follows: 25 k-PEI-B (light grey), 10 k-PEI-B (dark grey) or 25
k-PEI-L (black). Statistical analysis was performed using one-way ANOVA and Tukey's multiple comparisons test (*p b 0.05; **p b 0.01).
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Fig. 7. (a) Representative FACS traces of ROS levels in H1299 and C2C12 cells at 2 h of PEI exposure in the absence and presence of 5 mM N-acetyl-cysteine (NAC). PEI concentration was
8 μg/mL. Tert-butyl hydroperoxide (TBHP) or a combination of rotenone (Rote, 2.5 μM) and antimycin-A (Anti-A, 2.5 μM) were used as positive controls for ROS generation. For clarity,
different combinations are shown in left, center and right traces. Panel (b) directly compares ROS levels in H1299 and C2C12 from traces in (a). Panel (c) represent photos of adherent
H1299 and C2C12 cells following PEI (8 μg/mL) exposurewith orwithoutNAC (5mM), whereas panel (d) is quantificationmeasurement of adherent cells following exposure to branched
PEIs (8 μg/mL), with or without 5 mMNAC. Data are shown as the absorbance at λ=595 nm. Panel (e) shows the viability of H1299 and C2C12 cells expressing GFP on transfection with
branched PEI/DNA polyplexes with or without 5 mMNAC. All data are presented as the mean (n= 3)± SD and statistical analysis was performedwith paired students t-test to calculate
significance (*p b 0.05; **p b 0.01).
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4. Discussion

We have unraveled the causal interconnections between PEI
architecture-mediated disturbances of bioenergetic processes and
redox homeostasis in two different cell lines, and demonstrated that
in addition to an integrated bioenergetic crisis (arising from plasma
membrane perturbation and concomitant loss of cytoplasmic glycolytic
enzymes/metabolites, and mitochondrial dysfunction), branched PEIs
of 10 and 25 kDa, as opposed to a 25 kDa linear counterpart, disturb
cellular redox homeostasis through diminished production of NADPH,
decreased antioxidant defense capacity of GSH and increased oxidative
stress. Indeed, cellular exposure to branched PEIs resulted in rapid ac-
celeration of basal and leak respiration with a transient initial increase
of mitochondrial ATP synthesis, whereas linear PEI increased andmain-
tained mitochondrial ATP synthesis over longer periods of time. This
demonstrates that on polycation exposure, mitochondria attempt to in-
crease energyproduction possibly to compensate for energydemanding
internalization events [46] and/or energy demanding repair mecha-
nisms [47,48] arising from PEI-mediated insult on plasma membrane
and possibly other intracellular structures.

The regulation of mitochondrial energy production is coordinated
and multifactorial. Experiments with permeabilized cells and freshly
isolated mitochondria demonstrated that PEIs impair OXPHOS in the
presence of either CI or CII respiratory substrates. Furthermore, the re-
sults from experiments with ‘broken mitochondria’ demonstrate that
all types of PEIs exert a direct inhibitory effect on cytochrome c oxidase
(CIV). Notably, at low concentrations (0.1–0.5 μg/mL), this inhibitory ef-
fect was more profound with 25 kDa branched polycations compared
with the linear PEI of same molecular weight. However, at higher PEI
concentrations (1–3 μg/mL), the linear PEI approaches and exceeds
the inhibitory effect of its branched counterpart, indicating that when
the linear architecture has an easy access to the complexes of the ETS
(as in the case with ‘broken mitochondria’) it acts as a potent inhibitor
of CIV.Moreover, the extent of PEI architectural- and size-mediated per-
turbation of mitochondrial energy production and functionswas clearly
revealed in intact cells. Here,more severedamages (arising fromplasma
membrane destabilization and impairment of ETS activity) were
incurred by the 25k-PEI-B than by the linear counterpart. Even the
smaller 10k-PEI-B perturbed plasma membrane and mitochondrial
functions more than the 25k-PEI-L on a concentration basis. According-
ly, the branched architectures are superior to the linear geometry in
destabilizing mitochondrial membranes (as demonstrated through cit-
rate synthase release from isolated mitochondria) and gaining access
to CIV. Therefore, PEI may affect mitochondrial energetic processes ei-
ther indirectly (through plasma membrane damage and metabolite
leakage) and/or directly through perturbation of mitochondrial mem-
branes and potent CIV inhibition. The latter process, perhaps, is more
applicable to branched PEIs, but this indicate that polycations should
reach mitochondria on cell exposure. Indeed, evidence for this arises
from transfection studies with PEI-DNA polyplexes demonstrating that
polyplexes (and therefore PEI) can reach mitochondria at early points
of transfection [17]. Our observations are therefore relevant to standard
transfection protocols involving PEI, since free PEI chains have been sug-
gested to play a critical role in polyplex uptake, transfection efficacy as
well as cytotoxicity [49,50]. It is conceivable that macromolecular size
and architecture modulate cytoplasmic entry of the polycations (and
polyplexes) through diverse sites differently and at different rates,
thus influencing their ability to interact with the mitochondrial
network. For instance, PEIs of different size andmorphologymay confer
different degrees of detergency activities in destabilizing plasma mem-
brane and/or induce endosome membrane fragment micellization
differently. Indeed, branched PEIs may assume globular structures in a
similar manner to higher generation polyamidoamine dendrimers [51,
52], and induce more effective disruption of biomembranes than a pre-
sumed cylindrical geometry of linear PEI. Likewise, PEIs of different ge-
ometry may diffuse differently in the gel-like cytoplasm. Indeed, a
spherical/globular shape may confer faster diffusion rates (and higher
probability on interacting with the mitochondrial network) than a
cylindrical morphology.

On PEI exposure, the glycolytic flux was found to rapidly increase in
cells. This was presumably to compensate for mitochondrial injury
exerted by the polycations and to re-establish bioenergetic homeostasis.
Interestingly, with increasing polycation concentrations, branched PEIs
not only caused collapse of glycolytic activity, but also reduced intracel-
lular ATP levels. On the contrary, the linear polycation neither impaired
the rate of glycolysis nor affected intracellular ATP levels to the same ex-
tent as branched PEIs (and notably 25k-PEI-B). Accordingly, branched
PEI-mediated collapse of glycolytic activity may partially arise from
gradual LDH loss and/or ATP leakage. Indeed, LDH is essential for glyco-
lytic activity and since the initial phase of glycolysis is energy demand-
ing, rapid ATP depletion may further contribute towards impairing the
rate of glycolysis. Our results collectively indicate that in contrast to
the branched polycationic macromolecules, cells are able to increase
both mitochondrial and glycolytic ATP production on exposure to the
linear PEI, thus allowing them to respond to increased energy demand
following the initial internalization/perturbation events. Conceivably,
the linear PEI is less likely to cause serious bioenergetic crisis and overall
cessation of energy demanding cellular functions such as the mainte-
nance of ion gradients by Na+/K+-ATPase and Ca2+-ATPase. Our obser-
vations are also consistentwith the extent and themode of mammalian
cell death on exposure to linear or branched PEIs [12], since the extent
of ATPfluctuations can trigger cell death either through apoptosis or ne-
crosis [20,26–28].

In addition, to the different extent of bioenergetic crisis observed
among the diverse structures of PEIs, the branchedmolecules perturbed
the intracellular redox homeostasis by shifting the balance towards in-
creased oxidative stress. This, presumably, occurs as a result of the com-
bined mitochondrial impairment and glycolytic collapse, resulting in
decreased intracellular NADPH levels, which are vital for GSH-
mediated antioxidant defense mechanisms [34,35]. Indeed, the GSH:
GSSG ratio was decreased following exposure to branched PEIs, indicat-
ing accumulation of GSSG, as a result of decreased availability of NADPH
and the consequential reduction of NADPH-dependent conversion of
GSSG back to GSH. It is likely that PEI (and particularly at higher
polycation concentrations)-mediated plasma membrane destabiliza-
tion, may contribute to intracellular NADPH (and NAD+) depletion. It
is essential for cellular homeostasis to constantly eradicate oxidized
and damaged intracellular components, which is usually accomplished
by ATP dependent pathways involving proteasomes and lysosomes
[47,48]. Interestingly, cellular exposure to branched PEIs resulted in ac-
tivation of AMPK, a master metabolic regulator, which can be activated
in response to various stressors, including ATP deficiency [42] and in-
creased ROS production [53]. AMPK activation can regulate autophagy
through its effect on mTOR signaling [54]. Conceivably, our results
may offer insights into the autophagy responses previously seen in
cells following exposure to branched PEI [16,18]. Co-treatment with
the GSH precursor, NAC, significantly increased the numbers of viable
cells expressingGFP on transfectionwith branched PEI-DNApolyplexes.
This is indicative of improved cellular antioxidant defense capacity as
availability of NAC for GSH synthesis could counteract PEI-mediated
rise in ROS levels. These findings clearly demonstrate that in addition
to bioenergetic crisis, impairment of redox homeostasis is an important
feature of branched PEI mediated cytotoxicity and injury, which is pre-
sumably linked to the extent of plasma membrane damage. On the
other hand, the reported superior transfection efficiencies of the 25 k-
PEI-L may reflect increased cellular survival rates, not only due to its
less detrimental effect on biomembranes, but also on cellular bioener-
getics and redox homeostasis as shown in this study.

In summary, we have shown that metabolic profiling can improve
ourmechanistic understanding of polycation-mediated dynamic cell in-
jury at the molecular level. Accordingly, future approaches pertaining
design and selection of improved and safer libraries of polycationic
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vectors may benefit by focusing on integrated biomembrane, chemical
and metabolomics combinatorial throughput approaches. Finally,
such findings may be translated to engineering of a wide range of
polycationic reagents for manipulation and better understanding of
mitochondrial energetics as well as for broader mitochondrial
therapeutic interventions applicable to degenerative and metabolic
diseases, cancer and aging [55].
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