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ABSTRACT: These studies explore the relationship between the inhibitory actions of low generation dendrimers in stimulated
microglia and dendrimer−enzyme interactions using in silico molecular modeling. Low generation (DG0 and DG1) dendrimers
with acetylene and hydroxyl terminal groups were tested for their anti-inflammatory activity in microglia stimulated by
lipopolysaccharides (LPS), and the results were compared with those from the established anti-inflammatory agents, ibuprofen
and celecoxib. We hypothesized that hydroxyl terminal groups of DG0 and DG1 dendrimers could interact with the active sites
of the inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) enzymes due to their small size and favorable
electrochemical properties. The enzymatic activity of iNOS and COX-2 was determined in the presence of low generation
dendrimers using biochemical assays and their values related to dendrimer docking confirmations from in silico molecular
modeling. We found that results from the molecular modeling studies correlated well with the in vitro biological data, suggesting
that, indeed, hydroxyl terminal groups of low generation dendrimers enable multivalent macromolecular interactions, resulting in
the inhibition of both iNOS and COX-2 enzymes.
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■ INTRODUCTION

Dendrimers have been extensively investigated as nanocarriers
for therapeutic delivery including anti-inflammatory agents.1,2

The present paradigm for anti-inflammatory therapy involves
the inhibition of the arachidonic acid pathway and
prostaglandin synthesis by means of targeting the cyclo-
oxygenase enzymes (COX-1 and COX-2). Due to the
persistence of adverse side effects, particularly irritation and
ulceration of the gastric mucosa by COX-1 inhibitors,
therapeutic strategies that specifically target COX-2 have been
explored. Nonsteroidal anti-inflammatory drugs (NSAIDs) that
target COX-2 are effective anti-inflammatory agents and lack
serious adverse effects on the gastro-duodenum.3 However,
highly selective COX-2 inhibitors (e.g., celecoxib) can produce
cardiovascular complications; therefore the search for new anti-
inflammatory agents is still an active area of research.4 One such
strategy involves the targeting of inducible nitric oxide synthase
(iNOS), the primary cellular producer of nitric oxide, which is

known to modulate inflammatory events.5 It is anticipated that
the side effects arising from the inhibition of inducible pro-
inflammatory enzymes (iNOS and COX-2) can be mitigated by
specifically targeting therapeutics to inflamed tissues and by the
controlled release from drug carriers or pro-drugs. Indeed,
incorporation of anti-inflammatory agents into nanoscale
delivery systems such as liposomes or polymers has been
reported to significantly reduce adverse effects.6 Among them,
dendrimers (hyperbranched polymers) have been thoroughly
investigated as versatile drug delivery carriers, a function
especially favored by their unique physical and chemical
properties.7
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Poly(amidoamine) (PAMAM) dendrimers have been used
for the controlled delivery of NSAIDs and steroidal anti-
inflammatory drugs.8,9 Recent studies suggest that dendrimer
size plays a very important role in their efficiency as drug
carriers.10−12 Surprisingly, PAMAM dendrimers without any
drug payload have also been shown to exhibit anti-
inflammatory properties, particularly generation 4 (G4)
PAMAM dendrimers.12 It was suggested that the inhibition
of COX-2 activity may explain some of the anti-inflammatory
effects, although the specific mechanism(s) of G4 PAMAM
action remain unclear.12 In addition, G3 dendritic polyglycerol
sulfates (dPGS) also possess anti-inflammatory properties,
though through a completely different mechanism of action.13

It is believed that dPGS dendrimers may function as
macromolecular inhibitors, through direct interactions with
complement factors, essential mediators of the innate immune
response.13

During our continued studies and development of dendrimer
based multifunctional nanomaterials using alkyne−azide “click”
chemistry, we too were intrigued to note that some of the
nanocarriers were themselves active anti-inflammatory
agents.14−16 Our nanoconstructs are smaller than the previously
discussed PAMAM and dPGS dendrimers, leading us to
investigate how these lower generation dendrimers might also
exert anti-inflammatory properties. The aims of this study were
to (i) establish a structure/anti-inflammatory activity relation-
ship and (ii) better understand the mechanism of action by
evaluating the effect of dendrimer size and surface functional-
ization on the inhibition of inducible inflammatory enzymes.
Dendrimers were synthesized using the highly efficient

“click” chemistry approach (Scheme 1) to give uniformity and

reproducibility in high yield reactions. Acetylene (A)
terminated dendrimers DG0-A, DG1-A, and DG2-A were
synthesized using an adaptation of our previously published
procedure.17 Hydroxyl (OH) terminated DG0-OH was
prepared by using copper(I) catalyzed alkyne azide click
reaction between the acetylene arms of DG0-A and 2-azido-
ethanol, which in turn was synthesized from 2-bromo-ethanol
upon reaction with sodium azide. Similarly, the synthesis of
DG1-OH was achieved by performing a click reaction between
alkyne arms of DG1-A and 2-azido-ethanol. The click reactions
are easily monitored by 1H NMR in which the disappearance of
alkyne resonance is accompanied by the appearance of triazole
proton peaks. Detailed synthesis and characterization details of
these dendrimers are provided as Supporting Information.
Enzymatic activities of iNOS and COX-2 were measured

using established biochemical assays following activation with
bacterial endotoxin lipopolysaccharides (LPS). LPS is a
commonly used inflammagen which stimulates inflammatory
cells, including microglia.18 Following LPS treatment, iNOS
and COX-2 are inducibly expressed and activated in microglia
cells, resulting in increased nitric oxide and prostaglandin
production.19 We determined the extent of LPS-induced iNOS
and COX-2 activation by measuring production of both the
stable nitric oxide derivative nitrite (NO2−) and prostaglandin
E2 (PGE2), respectively. We then performed molecular
modeling studies to provide a structural basis for the observed
inhibition of iNOS and COX-2 by low generation dendrimers
(DG0-DG1) functionalized with alkyne and hydroxyl surface
groups.

Scheme 1. Synthesis of DG0 and DG1 Dendrimers with Acetylene (A) and Hydroxyl (OH) Surface Groups. (i) CuSO4·5H2O,
Sodium Ascorbate, THF/H2O; (ii) Bu4NF, THF; (iii) NaN3/DMF
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■ EXPERIMENTAL SECTION

Synthesis and Characterization of Dendrimers. DG0-
A, DG1-A and DG2-A were synthesized using our previously
published procedures.14,17 DG2-OH can be similarly prepared
from DG2-A upon reaction with 2-azido-ethanol. Azido ethanol
was synthesized using a previously described procedure.15

Copper(II) sulfatepentahydrate (CuSO4.5H2O) (>98.0%),
sodium ascorbate (NaAsc) (crystalline, 98%), sodium azide
(NaN3) (>99.5%), tetrabutylammonium fluoride (Bu4NF) (1.0
M in THF), and 2-bromo-ethanol (95%) were purchased from
Sigma-Aldrich Canada and used as received.
Cell Culture. Murine microglia (N9) cells obtained from

Dr. Seguela (Montreal Neurological Institute, Montreal) were
seeded in Iscove’s modified Dulbecco’s medium (IMDM)
(12440, Gibco) containing 5% of fetal bovine serum (FBS;
26140, Gibco) and 1% penicillin−streptomycin (15140,
Gibco). Cells were maintained at 37 °C, 5% CO2 in a
humidified atmosphere and were grown in serum containing
media for 24 h before cell treatments to attain confluency. Cells
were used between 10 and 30 passages. The media were
aspirated, and cells were treated in serum-free media containing
or dendrimers anti-inflammatory agents (ibuprofen and
celecoxib) at the indicated concentrations for 24 h. Serum-
free media is used for the cell treatments to limit the potential
interactions between dendrimers and proteins present within
the serum containing media. Microglial cells were then
activated with LPS (62326, Sigma; 100 ng/mL, 24 h) in
serum containing media (1% FBS) to maximize activation.
Samples were collected for biochemical assays for mitochon-
drial metabolic activity, nitric oxide generation, and prosta-
glandin E2 synthesis, after the removal of the media containing
drugs and washing with phosphate-buffered saline (PBS). All
measurements were done in triplicate, and the experiments
were performed at least three times.
Mitochondrial Metabolic Activity Determination by

MTT Assay. Cells were seeded in 24-well plates (3526,
Costar). Following treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (0.5 mg/mL;
M2128, Sigma) was added to each well and incubated for 30
min at 37 °C. The formed formazan crystals were dissolved in
500 μL of dimethyl sulfoxide (DMSO; 154938, Sigma) and
transferred to a 96-well plate to measure the absorbance (595
nm, Benchmark microplate reader Bio-Rad, Canada). All
absorbance values were within the linear range, and the
comparisons between different treatments were made by
converting the absorbance into percent changes relative to
the vehicle-treated controls taken as 100%.
Nitric Oxide Release. Cells were seeded in 24-well culture

plates (3526, Costar). Following the treatments, cells were
activated with LPS (100 ng/mL) for 24 h in 1% FBS-containing
media. Supernatants (50 μL) were collected and incubated with
the Griess reagent (Sigma, G-4410; 50 μL) for 15 min, after
which the absorbance at 540 nm was measured with a
microplate reader (Asys UVM 340).
COX-2 Activity. Cells were seeded in 24-well plates (3526,

Costar). Following treatment with either with anti-inflamma-
tory drugs (ibuprofen and celecoxib) or with dendrimers for 24
h, microglia cells were activated using LPS (100 ng/mL; 24 h),
and prostaglandin E2 (PGE2) was measured using an enzyme-
linked immunosorbent assay (ELISA; Cayman, 514010)
following the manufacturer protocols. The values for optical

density measurements were obtained using a microplate reader
(Asys UVM 340).

Limulus Amebocyte Lysate (LAL) Endotoxic Test. We
performed the LAL assay as specified by Thermo Scientific
Assay Kit (CAT No. 88282).

Statistics. Results are presented as mean ± standard error
of the mean (SEM). Data were analyzed by one-way analysis of
variance (ANOVA) with the posthoc Dunnett’s test. Statisti-
cally significant differences are indicated by p* < 0.05, p** <
0.01, p*** < 0.001

Molecular Modeling Studies. A detailed description of
the molecular modeling and parameters used is available in the
Supporting Information. Briefly, putative dendrimer binding
pockets from the iNOS and COX-2 crystal structures were
identified and defined as prospective binding pockets for
subsequent docking simulations (Supplemental Figures 2−3).
Energy-minimized dendrimer structures were docked to the
predicted binding pockets using the MOE docking module.
The top three binding conformations with the lowest binding
energy were then energy minimized into the enzyme binding
site to obtain a relaxed docking solution. Finally, these three
optimized conformations were validated by evaluating the (i)
van Der Waals forces (VdW), (ii) electrostatic interactions, and
(iii) lipophilic interactions between the predicted dendrimer
binding conformations and the corresponding enzyme binding
sites.

■ RESULTS AND DISCUSSION
The anti-inflammatory activity of low generation dendrimers
with acetylene and hydroxyl terminal groups was evaluated in
N9 murine microglia. These cells were selected because they
are well-characterized and show a number of properties similar
to those of human microglia.18 Microglia, the resident immune
cells of the central nervous system (CNS), survey the
microenvironment for the presence of damaged neurons,
particulate matter and infectious agents. Upon activation by
pro-inflammatory stimuli, such as LPS, microglia release several
inflammatory mediators, including nitric oxide and cytokines.
We established the concentration-dependent effects of

selected anti-inflammatory drugs in LPS-activated microglia
(Figure 1). The effectiveness of the dendrimers and the
selected anti-inflammatory agents was first assessed by
measuring nitric oxide production (an indicator of microglia
activation) in untreated and LPS-stimulated microglia. There
was a marked reduction in nitric oxide release following
dendrimer treatment (25−50 μM; Figure 1A). Conversely,
there was no significant reduction of nitric oxide release
following the treatments with ibuprofen and celecoxib, also
within the 25−50 μM concentration range. Results showing the
comparative effectiveness of low generation dendrimers (25
μM) on nitric oxide release revealed that only DG1-OH can
significantly reduce nitric oxide release, suggesting a potential
inhibitory effect on iNOS. Interestingly, the treatments with
DG0-OH and DG1-OH also led to the inhibition of
prostaglandin (PGE2) synthesis, a measure of inducible
COX-2 activity in activated microglia (Figure 1B). Significant
COX-2 inhibition was achieved only with Celecoxib in the
lower concentration (25 μM) but not with ibuprofen. These
results suggest that the mechanism of action of DG0-OH and
DG1-OH dendrimers is concentration-dependent and may
involve an interaction with iNOS and COX-2 in microglia.
There was no significant decrease in cell viability or
mitochondrial metabolic activity (<50 μM) for all the
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compounds tested (Supplemental Figure 1A). In addition, the
dendrimers were found to be free of endotoxicity, measured by

the LAL assay (Supplemental Figure 1B) and confirmed by NO
release results (Figure 1A).
We investigated whether or not these same dendrimers could

directly interact with iNOS and COX-2 enzymes. To examine
their ability to bind and modulate the activity of these enzymes,
computer-assisted molecular docking simulations were per-
formed using the molecular operating environment (MOE)
software.20 We hypothesized that dendrimers which inhibit
iNOS and COX-2 activity should be able to interact and display
favorable binding conformations with these enzymes. Figure 2
summarizes the results obtained for the docking of DG1-A and
DG1-OH with iNOS. The most favorable binding conforma-
tion for each dendrimer is shown.
We investigated several different binding sites during our

docking studies and found that, due to its size, the iNOS active
site was the one most likely to interact with low generation
dendrimers; it is appropriately large, and it has a critical role in
enzyme function (Supplemental Figure 3). The lowest energy
docking conformations of DG1-A (Figure 2A) and DG1-OH
(Figure 2H) displayed favorable VdW interactions, explained
by their lack of protrusion through the VdW molecular surface
(gray mesh) of iNOS. When the electrostatic (bluepositive;
rednegative) and lipophilic (pinklipophilic; greenhydro-
phobic) surfaces were compared, DG1-OH was found to
exhibit very favorable interactions on all three arms of the
dendrimer, especially in the regions of the aromatic rings and
terminal OH groups (Figure 2I-J). These findings suggest that

Figure 1. Concentration-dependent anti-inflammatory activity of
dendeimrs. Reduction of (A) nitric oxide release and (B)
prostaglandin E2 (PGE2) production by microglia, treated with
dendrimers or anti-inflammatory agents (0−100 μM, 24 h) in the
presence of LPS (100 ng/mL, 24 h). Data represent the mean ± SEM.
Statistically significant differences from LPS treated control are
indicated by p* < 0.05, p** < 0.01, p*** < 0.001.

Figure 2. Binding conformation validation for iNOS molecular modeling studies. VdW (A, H), electrostatic (B−D, I−K), and lipophilic (E−G, L−
N) surface maps for DG1-A and DG1-OH. Regions that are red are considered electronegative, and regions that are blue are considered
electropositive. Regions that are green are considered lipophilic, and regions that are purple are considered hydrophilic.
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DG1-OH may bind into the active site of iNOS. However, the
best fit docking conformations of DG1-A were not consistent
with its interacting successfully with either of the two surfaces
of iNOS (Figure 2B−D). DG0-A and DG0-OH displayed
overwhelmingly unfavorable interactions with iNOS (Supple-
mental Figure 4).
In the active site of iNOS, the interaction between Glu377

and the native substrate, L-arginine, is an absolute requirement
for normal enzyme function.21 Moreover, many well-charac-
terized iNOS inhibitors interact directly with Glu377,
obstructing its binding to L-arginine and thus inhibiting iNOS
activity.22 The ligand interaction map of DG1-OH and iNOS
reveals that DG1-OH does not form a hydrogen bond with
Glu377 (Supplemental Figure 5). Unlike specific inhibitors of
iNOS which bind directly to Glu377, DG1-OH makes other
interactions including Met374 and Trp372 which help to
stabilize DG1-OH at the active site of iNOS, thereby occluding
it. DG1-OH also forms hydrogen bonds with other regions in
the active site, most notably Trp463, which contribute to the
overall stabilization of the dendrimer in the binding pocket.
Findings from our molecular modeling studies suggest that
DG1-OH may bind to iNOS (while DG0-OH and DG1-A do
not), supporting the likelihood that small dendrimer size
influences the anti-inflammatory activity, through interactions
with Met374 and Trp463 but not Glu377. These results are in
agreement with our biological enzyme activity data (Figure 1).
Having identified a likely relationship between the biological
results and the molecular modeling data from iNOS, we then

performed docking studies using the COX-2 enzyme. In
contrast to iNOS, the COX-2 active site is split into two smaller
pockets, both of which were predicted to be probable binding
sites for the dendrimers. The first site binds the hemoglobin
(heme), an essential cofactor, and the second site binds the
native ligand, arachidonic acid (AA). Both the heme and the
AA sites were investigated individually as potential dendrimer
binding pockets.
For DG1-A, there are many prominent sites of unfavorable

lipophilicity surface interactions between the triazole rings and
the outer benzene rings (Figure 3E−G). In contrast, DG1-OH
exhibits not only favorable electrostatics but favorable lip-
ophilicity at the triazole and benzene rings, suggesting that a
favorable binding orientation is possible (Figure 3I−K). We
therefore concluded that DG1-OH could adopt a favorable
binding orientation in the heme site of COX-2, while DG1-A
could not. DG0-OH and DG0-A dendrimers showed a similar
pattern (Supplemental Figure 6). The highly electronegative
and lipophilic DG0-A exhibited unfavorable interactions in at
least two arms, while DG0-OH maintained favorable
interactions at its triazole rings and terminal hydroxyl groups.
Although the AA site is significantly smaller than the heme site,
it is conceivable that one arm of the dendrimers might fit and
explain the enzyme inhibition. However, molecular docking of
the dendrimers into the AA yielded no favorable binding
orientations (Supplementary Figures 7 and 8). Taken together,
the molecular docking data and biological data of COX-2
suggest that both DG0-OH and DG1-OH can elicit anti-

Figure 3. Binding conformation validation for COX-2 molecular modeling studies (Heme site). VdW (A, H), electrostatic (B−D, I−K), and
lipophilic (E−G, L−N) surface maps for DG1-A and DG1-OH. Regions that are red are considered electronegative, and regions that are blue are
considered electropositive. Regions that are green are considered lipophilic, and regions that are purple are considered hydrophilic.
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inflammatory activity by binding mainly to the heme site of
COX-2. This finding could explain why relatively large
concentrations of the dendrimers are required to exert a
marked inhibitory effect.
Results from our studies and others show that dendrimers

possess anti-inflammatory activity that is related to both
dendrimer size and functional groups.12 We observed that
hydroxyl terminated dendrimers possess greater anti-inflamma-
tory activity than acetylene terminated dendrimers, and first
generation dendrimers were more effective than their
generation zero counterparts. These increased anti-inflamma-
tory effects are likely due to the electrostatic and lipophilic
properties of the dendrimers being more complementary to
those of the enzyme binding active site. Molecular orbital
calculations show that the anti-inflammatory properties of the
dendrimers are reflected in their electrostatic potentials. In
general, the highly negative hydroxyl chemical group and
weakly positive acetyl terminal groups facilitate binding by
establishing nonspecific interactions with the target to occupy
the active site, thus inhibiting its activity. In contrast, known
specific inhibitors of iNOS and COX-2 are highly conserved
and bind to the active site forming key interactions with Glu377
(iNOS) and Arg513 (COX-2), respectively.22,23

Our molecular modeling results suggest that the dendrimers
of a second generation (G2) and higher are much too large to
fit in the active site and would result in highly unfavorable
binding interactions (highly solvent exposed) with both iNOS
and COX-2 enzymes (Supplemental Figures 9, 10). Our studies
suggest that, at most, one arm of the higher generation
dendrimer could fit into the active site. As a result, most of the
molecule would be solvent-exposed, making the dendrimer/
enzyme interaction energetically unfavorable and highly
unstable. A composite image of DG0, DG1, and DG2
dendrimers bound into the iNOS active site is provided in
Figure 4 to illustrate this point.

■ CONCLUSIONS
In summary, our findings suggest that low generation
dendrimers exert varying degrees of anti-inflammatory
bioactivity and may directly interact with the active sites of
both iNOS and COX-2. Our biological data shows a
concentration-dependent inhibition of these enzymes; this is
in contrast to the previously observed lack of dose-dependent
effect with G4 dendrimers within the low nanomolar
concentration range.12 Molecular modeling studies suggest
that high generation dendrimers interact with iNOS and COX-
2 differently from low generation ones. DG0 and DG1
dendrimers can adopt favorable binding conformations in the
active site of both iNOS and COX-2 enzymes, thereby
inhibiting their activity. Conversely, due to the restrictive size
of the active site, and increased solvent exposure of the large
dendrimer arms, higher generation dendrimers are much less
likely to form stable binding interactions. Future studies should
employ quantum dynamic analyses and biological investigations
with different mutants of iNOS and COX-2 (i.e., Met374 and
Trp463 for iNOS) to identify potential interaction sites and
provide greater insight into the mechanisms of action of low
versus high generation dendrimer as anti-inflammatory agents.
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