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Abstract
Objective—This study was designed to evaluate the effects of the HIV protease inhibitor
lopinavir/ritonavir on gingival epithelium growth, integrity and differentiation.

Methods—Organotypic (raft) cultures of gingival keratinocytes were established and treated with
a range of lopinavir/ritonavir concentrations. To examine the effect of lopinavir/ritonavir on
gingival epithelium growth and stratification hematoxylin and eosin staining was performed. To
investigate the effect of this drug on tissue integrity, transmission electron microscopy (TEM) was
performed on untreated and drug treated tissues. Further, immunohistochemical analysis of raft
cultures was performed to assess the effect of lopinavir/ritonavir on the expression of key
differentiation and proliferation markers including cytokeratins, PCNA and cyclin A.

Results—Lopinavir/ritonavir treatments drastically inhibited the growth of gingival epithelium
when the drug was present throughout the growth period of the tissue. When drug was added at
day 8 of tissue growth, lopinavir/ritonavir treatments compromised tissue integrity over time and
altered the proliferation and differentiation of gingival keratinocytes. Expression of cytokeratins 5,
14, 10, 6, PCNA and cyclin A were induced, and their expression patterns were also altered over
time in treated rafts.

Conclusions—The findings of our studies suggest that lopinavir/ritonavir treatments
compromised tissue integrity over time and deregulated the cell cycle/proliferation and
differentiation pathways resulting in abnormal epithelial repair and proliferation. Our study
provides a potential model which gives insight in the area studying antiretroviral drugs affects in
vitro.
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Introduction
Infection with human immunodeficiency virus (HIV) is a major health problem, with an
estimated 33.4 million people living with HIV worldwide [1]. The introduction of
antiretroviral drugs, especially protease inhibitors, have markedly decreased mortality and
greatly improved the life expectancy of HIV positive patients [2,3]. In addition, the
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prevalence of some oral complications in these patients, especially oral candidiasis and oral
hairy leukoplakia have dropped significantly [4–6]. In contrast, other complications such as
Kaposi’s sarcoma and oral apthous ulceration have shown no significant changes [5–7].
Despite having many beneficial effects on HIV positive patients, highly active antiretroviral
therapy (HAART) can give rise to several adverse oral effects. Long term use of HAART
has been associated with oral warts [5,7], erythema multiforme [8,9], xerostomia [8,9], toxic
epidermal necrolysis, lichenoid reactions [8,10], exfoliative cheilitis [8], oral ulceration and
paresthesia [9,11]. Therefore, in HIV patients undergoing HAART treatment, adverse oral
health may compromise adherence to drug regimens resulting in suboptimal exposure to the
drugs. As a consequence, drug resistance could compromise future therapy [12].

Lopinavir/ritonavir (trade name Kaletra), manufactured by Abbott Laboratories, was
approved in 2000 by the U.S. Food and Drug Administration (FDA) for the treatment of
HIV infection in adults and children. This drug is a co-formulation of lopinavir and sub-
therapeutic dose of ritonavir. Administered alone, lopinavir exhibits poor bioavailability,
however, the sub-therapeutic dose of ritonavir included in this drug (a potent cytochrome
P450 [CYP] 3A4 inhibitor) inhibits the metabolism of lopinavir, resulting higher blood
levels of lopinavir [13]. Further, lopinavir is the active ingredient in this drug that provides
the anti-HIV activity. Abbott therefore pursued a strategy of co-administering lopinavir with
sub-therapeutic doses of ritonavir. Therefore, lopinavir is only marketed as a co-formulation
with ritonavir. It is the first combination pill to contain a drug (lopinavir) not available
individually [13]. Similar to other protease inhibitors, prolonged use of lopinavir/ritonavir
was reportedly associated with several adverse orofacial effects [14–16].

The oral epithelium functions as a protective barrier against environmental stress. A
compromised epithelial layer allows microorganisms and toxic materials to access the
underlying tissues. To maintain a functional epithelial lining, epithelial cells undergo a well
defined differentiation program resulting in the expression of several structural proteins
whose design is to maintain the integrity of the epithelial tissues [17]. Normal structural
integrity and function of the oral epithelium is still susceptible to damage resulting from its
masticatory function. Normally, the high rate of growth allows for a rapid wound healing
response when there is a breach in the epithelial lining. Therefore, differential changes in the
rate of epithelial turnover during treatment with HAART may significantly affect acquisition
of oral disease.

Cytokeratins are a subfamily of intermediate filament proteins and are the fundamental
markers of epithelial differentiation. These proteins show considerable heterogeneity and
specificity among epithelial tissues, and their expression varies with proliferation and
differentiation and state of development [18]. Cytokeratin filaments specifically interact
with the specialized plasma membrane domains termed desmosomes. Desmosomes are a
major component of cellular adhesion by acting both as cell to cell connection points, and as
attachment sites for the intermediate filaments. As a result desmosomes are important for the
maintenance of tissue integrity [19].

The protease inhibitors including lopinavir/ritonavir have been shown to inflict several
adverse oral complications. However, the effects of these drugs on oral epithelium have not
been studied widely. We have initiated studies to analyze the effect of antiretroviral drugs on
the growth of oral epithelium. Previously, we have reported the effects of Amprenavir, a
protease inhibitor, on the growth and differentiation of gingival epithelium, using the
organotypic (raft) tissue culture model system [20]. In the present study, we explore the
effects of lopinavir/ritonavir on gingival epithelium growth and differentiation as
determined from the expression patterns of key proliferation and differentiation markers.
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Methods
Isolation of gingival keratinocytes and growth in organotypic cultures

Gingival keratinocytes were isolated from human gingival tissue as previously described
[20]. Briefly, the mixed pool of gingival tissues was obtained from patients undergoing
dental surgery. To maintain confidentiality, gingival samples were devoid of any
identification such as name, race, age and religion. Approval to collect patient samples was
obtained from the Penn State University College of Medicine Institutional Review Board
(IRB# 25284). The connective tissue and dermis was removed from the epithelium and
discarded. The epithelial tissue was washed three times with PBS containing 50 µg/ml
gentamycin sulfate (Gibco BRL, Bethesda, MD, USA) and 1X nystatin (Sigma Chemical
Co., St. Louis, MO, USA). The epithelial tissue was then minced with scissors and
trypsinized into a single cell suspension in a spinner flask. The suspension was removed, 20
ml of E media containing 5% FCS was added and cells were pelleted by centrifugation. The
supernatant was aspirated and the cell pellet was resuspended in 1 ml of 154 media (Cascade
Biologics, Inc.) supplemented with Human Keratinocyte Growth Supplement Kit (Cascade
Biologics, Inc.) then added to a 10 cm tissue culture plate containing an additional 7 ml of
154 media. This process was repeated three times. When cultures reached ≈70% confluent
they were split 1:3, when the plates of the first passage were more than 70% confluent, the
cells were used for growing raft cultures.

Raft cultures were grown as previously described [20–22]. Briefly, human gingival
epithelial keratinocytes were seeded onto collagen matrices containing J2 3T3 mouse
fibroblast feeders. When the epithelial keratinocytes were attached to the dermal equivalent,
the collagen matrices were lifted onto stainless steel grids at the air-liquid interface. The raft
cultures were fed by diffusion from below with E-media supplemented with lopinavir/
ritonavir. We chose Cmax (peak concentration of this drug in blood serum) as our baseline
concentration plus two lower and two higher concentrations from the Cmax for our
treatments. Earlier studies have shown that the drugs level is almost same in blood serum
and in saliva [23,24,25]. We also assumed that the blood level of lopinavir/ritonavir would
be the same as in the saliva. The Cmax of lopinavir/ritonavir is 9.8 ± 3.7 µg/ml [13]. In the
first set of experiments, the rafts were treated from the first day with a range of lopinavir/
ritonavir concentrations: 3, 6, 9.8, 13.5 and 16 µg/ml. Vehicle control rafts were fed with E-
media containing an equivalent volume of 70% ethanol. Based on our standard lab protocol
[22], rafts cultures were fed every other day with fresh medium at which time the drugs
treatments were also replenished. The rafts were harvested at day 4, 8, 12 and 16.

In the second set of experiments, the rafts were fed with E-media only for 7 days and on the
day 8th the rafts were treated with lopinavir/ritonavir at the concentrations stated above. The
rafts were fed every other day and harvested at 2, 4, 6 and 8 days post treatment.

Histochemical analyses
Raft cultures were harvested, fixed in 10% buffered formalin, and embedded in paraffin.
Four micrometer sections were cut and stained with hematoxylin and eosin as described
previously [21].

Immunostaining was done using a Vectastain Elite ABC kit (Vector laboratories
Burlingame, CA, USA) [21]. Briefly, slides were baked at 55°C in a vacuum oven for 1 h.
Tissue sections were dehydrated in xylene and rehydrated in alcohol gradients. Endogenous
peroxidase activity was blocked by incubating the slides in 3% hydrogen peroxide. Then
sections were blocked for 1 h with 3% normal horse serum and 20% normal goat serum for
primary mouse antibodies and rabbit antibodies, respectively. Primary antibodies used were
mouse monoclonal keratin 5 (clone XM26, dilution 200 µg/ml), keratin 14 (clone LL002,
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dilution 200 µg/ml), keratin 10 (clone DE-K10, dilution 200 µg/ml), keratin 6 (clone
LHK6B, dilution 10 ng/ml) (all from Lab Vision, Fremont, CA, USA), rabbit polyclonal
PCNA (clone FL-261, dilution 2 µg/ml) and cyclin A (clone H-432, dilution 4 µg/ml) (both
from Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) and incubated for 1 h. After two
washings in PBS, a biotin labeled secondary antibody was applied for 30 min and then
rinsed two times in PBS. A streptavidin/peroxidase complex was used to bind the biotin tag
and color visualization of the complex was achieved with 3, 3’-diaminobenzidine (DAB).

Transmission electron microscopy (TEM)
Epithelial tissues were cut into small pieces and fixed in fixative solution (2.5%
glutaraldehyde and 2% paraformaldehyde buffered with 0.1 M sodium cacodylate, pH 7.3).
Following fixation, tissues were washed in 0.1 M sodium cacodylate buffer. Tissues were
then dehydrated in a graded series of ethanol and embedded in EmBed-812. Thin sections
(70–90 nm) were cut on a Sorvall MT-2B ultramicrotome using a diamond knife and
mounted on 200 mesh copper grids and stained with uranyl acetate followed by lead citrate.
Thin sections were viewed in a JEOL JEM1400 Transmission Electron Microscope (JEOL
USA, Inc, Peabody, MA, USA).

Results
Effect of lopinavir/ritonavir on morphological differentiation and stratification of gingival
keratinocytes in raft cultures

To examine the effects of lopinavir/ritonavir on gingival epithelial morphology and
stratification in raft cultures hematoxylin and eosin staining was performed. Among the
numerous techniques used to culture gingival epithelial cells, the raft culture system has
proven to accurately mimic the in vivo physiology of the gingival epithelium [26,27]. Using
70% ethanol alone as the vehicle control did not adversely affect the growth of the tissues
(Fig. 1, Lower Block). However, lopinavir/ritonavir treatments severely affected the growth
of gingival epithelium in a dose dependent manner when compared with control rafts (Fig.
1, Upper Block, Panels a to x). Further, at 9.8, 13.5 and 16 µg/ml of lopinavir/ritonavir
treatments, the growth of gingival epithelium was completely obliterated over time (Fig. 1,
Upper Block, Panels v, q, w, f, l, r and x). These results suggested that lopinavir/ritonavir
treatments severely inhibited the growth and differentiation of gingival epithelium when the
drug was present throughout the growth period. We then decided to start treating the rafts
with lopinavir/ritonavir at day 8. Under normal conditions, a developing epithelium with all
four strata: basal, spinosum, granulosum, and corneum can be visualized on collagen
matrices by day 8 of tissue growth. Further, starting treatment on 8 day epithelium would
provide the opportunity to examine the effect of this drug on developing epithelium as
present in the human oral cavity. The raft cultures treated with lopinavir/ritonavir were
morphologically similar to control rafts at 2 days post treatment, (Fig. 2A, Panels a to f).
However, at 4 and 6 days post treatments, the cell-cell contacts within the stratified layers
appear to be less tight in rafts treated with 6, 9.8, 13.5 and 16 µg/ml of lopinavir/ritonavir,
compared with untreated controls (Fig. 2A, Panels g to r). Further, lopinavir/ritonavir
treatments at all concentrations interfered with the epithelial stratification and severely
compromised gingival epithelial growth and structure at 8 days post treatment (Fig. 2A,
Panels t to x).

To study in more detail the effect of this drug on tissue integrity TEM studies were
performed to analyze desmosomes configuration in untreated and drug treated tissue. TEM
analysis showed that in untreated tissue the desmosomes were well organized and tightly
configured between cells (Fig. 2B, Panels a and b). However, in lopinavir/ritonavir treated
tissues desmosomal halves were separated in the intercellular region which could potentially
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explain the loss of cell-cell adhesion in lopinavir/ritonavir treated tissues (Fig. 2B, Panels c
to f).

Effect of lopinavir/ritonavir treatments on the expression pattern of differentiation markers
in gingival epithelium

Upon commitment of gingival keratinocytes to terminal differentiation, a number of
biochemical changes occur, namely, the expression of cytokeratins: 5, 14 and 10 [28].
Cytokeratins 5 and 14 are normally expressed in the basal cells of gingival stratified
epithelium and have been used as proliferative cell markers [28–30]. In our study, lopinavir/
ritonavir treatments increased and altered the expression patterns of cytokeratins 5 and 14 in
a time and dose- dependent manner (data not shown). Lopinavir/ritonavir treatments
dramatically compromised epithelium structure at 8 days post treatment thereby making it
difficult to observe the staining patterns (Fig. 2A, Panels t to x).

The next differentiation marker studied was cytokeratin 10, which is normally expressed in
low levels in the suprabasal layers of gingival epithelium [29,31]. Cytokeratin 10 expression
was induced by lopinavir/ritonavir treatments in a dose dependent manner (Fig. 3, Panels a
to l). As compared with control, lopinavir/ritonavir treatments induced the expression of
cytokeratin 10 at 2 and 4 days post treatment (Fig. 3, Panels a to l). However, cytokeratin 10
expression was decreased in lopinavir/ritonavir treated rafts at 6 days post treatment (Fig. 3,
Panels n to r). The present results suggest the possibility that increased expression of
cytokeratin 10 at early time points may be a protective response of the epithelium towards
lopinavir/ritonavir induced damage.

Kaletra treatments induced the expression of cytokeratin 6
The expression of cytokeratin 6 is associated with the wound healing process and it is
expressed in the suprabasal layer. In the present study, cytokeratin 6 expression was induced
at 2 and 4 days post treatment in lopinavir/ritonavir treated rafts compared with untreated
rafts (Fig. 4, Panels a to l). Enhanced expression of cytokeratin 6 possibly suggests a wound
healing response of tissue against drug induced injury.

Increased cell proliferation upon lopinavir/ritonavir treatments
Since lopinavir/ritonavir treatments changed the expression patterns of proliferation markers
cytokeratins 5, 14 and 6, we then decided to evaluate the effect of lopinavir/ritonavir on the
expression of the well known cell proliferation markers PCNA and cyclin A. Cell
proliferation is limited to the basal layer under normal conditions. In our study, the PCNA
and cyclin A expression in untreated rafts was limited to the basal layer at 2, 4 and 6 days
post treatment (Fig. 5A and B, Panels a, g and m). However, PCNA and cyclin A was
strongly expressed in the basal as well as in the differentiating layers of tissue in lopinavir/
ritonavir treated rafts at 2 and 4 days post treatment (Fig. 5A and B, Panels a to l). The
expression of PCNA and cyclin A in lopinavir/ritonavir treated rafts lessened at 6 days post
treatment (Fig. 5A and B, Panels n to r). The changed expression pattern of PCNA and
cyclin A in our study indicates the activation of the wound healing pathway against drug
induced damage. In addition, changed expression patterns of PCNA and cyclin A also
suggest the possibility that exposure of drug induces a loss of cell cycle control which could
play a role in the generation of oral complications in HIV patients under treatment with this
drug.

Discussion
In our previous study we observed that Amprenavir, a protease inhibitor, deregulated the
growth, differentiation and cell cycle/proliferation pathway in human gingival tissue [20].

Israr et al. Page 5

HIV Med. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We wanted to further analyze the effects of another protease inhibitor and determine
whether it also has the same effects on the growth patterns of gingival epithelium.
Therefore, in this study we studied the effects of another HIV protease inhibitor, lopinavir/
ritonavir, on the growth of gingival epithelium, and the expression patterns of key
differentiation and proliferation markers. Additionally, in the present study TEM of
untreated and treated tissues was performed to analyze in detail the impact of this drug on
the integrity of gingival tissue.

Lopinavir/ritonavir treatments severely affected the growth of gingival epithelium when the
drug was present throughout the growth period. To the best of our knowledge, the
correlation between lopinavir/ritonavir levels in blood serum and in oral tissues has not been
widely studied. However, earlier studies have shown that the drugs levels are almost equal
in blood serum and in saliva [23,24,25]. Therefore, we assumed that the blood levels of
lopinavir/ritonavir would be the same as in the saliva. As the oral cavity is directly exposed
to saliva, we expect that the intracellular concentration of the drug in the oral cavity tissues
would be equal or close to its Cmax (9.8 µg/ml). In the present study, at even lower
concentrations of lopinavir/ritonavir (3 and 6 µg/ml), the growth of gingival epithelium was
severely inhibited. To examine the effect of lopinavir/ritonavir on the epithelium integrity
using TEM, we treated raft cultures at day 8. TEM observations clearly illustrate that
lopinavir/ritonavir treatments affected the cell to cell packing by directly or indirectly
reducing desmosomes adhesiveness. Since desmosomes are intercellular junctions that
provide strong adhesion between cells and also give mechanical strength to tissues [19], the
results of our study suggest that lopinavir/ritonavir treatments affected gingival epithelium
integrity. The results in the present study are consistent with our previous study in which
Amprenavir treatments also affected the epithelial growth and integrity [20]. However, the
adverse impact of lopinavir/ritonavir on tissue growth and integrity was more severe
compared to Amprenavir treatments. Our results support previous findings that indicated the
use of antiretroviral drugs including protease inhibitors resulted in the development of oral
complications [6,8–11]. These observations suggest the possibility that oral epithelium in
HIV patients exposed to HAART encounter drug induced abnormalities in the tissue’s
cellular and molecular biology which give rise to oral complications. However, our raft
culture model is an in vitro model in which the study of growth kinetics is limited to a
maximum of 20 days. In contrast, patients undergoing drug therapy have potentially been
exposed to these drugs for a numbers of years. As a result, our raft culture system provides a
snap-shot of the drug effects over a limited growth period. However, the effects of the drugs
are representative of the adverse oral effects reported in patients undergoing anti-viral
therapy.

Different cytokeratins are differentially expressed during development and differentiation
and vary in different types of epithelia [18,32]. Normally, cytokeratins 5 and 14 are
expressed only in the proliferative basal layer of gingival stratified epithelia [28–30]. In
present study, lopinavir/ritonavir treatments increased and changed the expression patterns
of cytokeratins 5 and 14 in a concentration dependent manner over time. The same changes
in patterns of cytokeratins 5 and 14 expression were noticed in our previous study [20].

Cytokeratin 10 is a specific terminal differentiation marker and is expressed in the
suprabasal layer of keratinized epithelia. It has been reported that cytokeratin 10 protects
epithelium from trauma and damage [31]. In our study, lopinavir/ritonavir treatments
induced the expression of cytokeratin 10 in a concentration dependent manner at 2 and 4
days post treatment as compared with control. It is possible that enhanced synthesis of
cytokeratin 10 in drug treated gingival epithelium may be a response by the tissue to protect
itself against drug induced damage [31,33,34]. The increased level of cytokeratin 10 in drug
treated rafts may also be linked to strong expression of cytokeratin 10 observed in oral
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lesions and hyperproliferative epidermis as compared to normal epidermis [35].
Additionally, the normal balance of cytokeratin proliferation and differentiation may be
disrupted upon injury and under pathologic conditions [36–38].

The induced expression of cytokeratin 10 in lopinavir/ritonavir treated rafts indicated the
possibility that this drug caused damage to the gingival epithelium. To better demonstrate
this possibility, we analyzed cytokeratin 6 which is expressed in response of wound injury in
the suprabasal layer of stratified epithelium. In our study, cytokeratin 6 expression was
induced significantly at 2 and 4 days post treatment in treated rafts compared with untreated
rafts. Damage to stratified epithelia causes induction of cytokeratin 6 in the differentiating
layers of epidermis [31,39–41]. In addition to wound healing, cytokeratin 6 is also expressed
in stratified epithelia undergoing hyperproliferation or abnormal differentiation including
cancer [40,42]. It is therefore possible that induced expression of cytokeratin 6 in lopinavir/
ritonavir treated rafts at 2 and 4 days post treatment is likely due to the wound healing
attempts of the tissue after drug induced tissue damage. In addition, induction of cytokeratin
6 expression in lopinavir/ritonavir treated rafts also suggests the possibility that exposure to
drug induces a hyperproliferative environment in the gingival tissue. Enhanced expression
of PCNA and cyclin A in drug treated rafts in our study supports these arguments. The
decreased expression of cytokeratin 6 over time suggests the possibility that lopinavir/
ritonavir treatments severely compromised tissue integrity.

Enhanced cell proliferation is a sign of many disorders such as wounds, ulcers and human
tumors, and the identification and use of suitable markers of proliferative activity is
important in clinical practice [43,44]. PCNA and cyclin A are nuclear proteins and generally
detected in cell nuclei between the G1 and M phases of the cell cycle [45,46]. Both are
useful histochemical markers of cell proliferation because their expression and distribution
correlate with cellular proliferation rates and DNA synthesis [47]. In normal conditions of
cell proliferation, PCNA and cyclin A expression is limited to a few cells in the basal layer
[48,49]. In our study, PCNA and cyclin A were strongly upregulated in the basal as well as
in suprabasal layers of the drug treated tissue at 2 and 4 days post treatment. These results
suggest two possibilities. First, enhanced expression of PCNA and cyclin A indicates the
activation of wound healing pathways to counteract drug induced tissue damage. Enhanced
expression of cytokeratins 10 and 6 in drug treated rafts also supports this argument.
Second, drug treatments deregulated the cell proliferation and differentiation pathways
which result in abnormal proliferation and epithelial repair which could make the oral tissue
more favorable for the development of oral complications observed in HIV patients taking
this drug. Further, increased and altered expression patterns of cell proliferation markers
including cytokeratins 5 and 14, PCNA and cyclin A indicate that the drug induces
hyperproliferative environment in the tissue which could make it more favorable for
establishing opportunistic human papillomavirus (HPV) infections. Previous studies have
shown a significant increase in the development of HPV positive lesions in HIV patients
taking HAART including protease inhibitors [5,50,51].

In summary, our studies demonstrate that lopinavir/ritonavir severely inhibited the growth of
gingival tissue when drug was present throughout the growth period. TEM observations
revealed that tissue integrity of desmosomes was compromised in lopinavir/ritonavir treated
gingival tissues. Further, lopinavir/ritonavir treatments changed the expression pattern of
cytokeratins 5, 14, 10, 6, PCNA and cyclin A over time. Taken together, these data suggest
that this drug compromised tissue integrity and deregulated the differentiation and cell
cycle/proliferation pathway in human gingival tissue. The present results are consistent with
our previous study in which Amprenavir treatments inhibited the epithelial growth, and
deregulated the differentiation and proliferation pathway in human gingival tissue [20]. Both
our previous studies with Amprenavir and the current studies with lopinavir/ritonavir display
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similar changes in the differentiation and proliferation markers upon treatments. These
results indicate the possibly both protease inhibitors deregulate gingival epithelial growth
and differentiation using similar mechanisms. However, the adverse impact of lopinavir/
ritonavir on tissue growth and integrity was more severe compared to Amprenavir
treatments. Identification of specific pathways affected by protease inhibitors will further
our understanding of how this class of drugs compromise gingival tissue integrity and
deregulated the differentiation and cell cycle/proliferation pathways.
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Fig. 1.
Upper Block. Effect of lopinavir/ritonavir on gingival epithelium growth and stratification.
Primary gingival keratinocytes were grown in organotypic (raft) cultures and treated with
different concentrations of lopinavir/ritonavir throughout the growth period. (Panels a, g, m,
and s) untreated rafts; (Panels b, h, n and t) rafts treated with 3 µg/ml lopinavir/ritonavir;
(Panels c, i, o and u) rafts treated with 6 µg/ml lopinavir/ritonavir; (Panels d, j, p and v) rafts
treated with 9.8 µg/ml lopinavir/ritonavir; (Panels e, k, q and w) rafts treated with 13.5 µg/
ml lopinavir/ritonavir; (Panels f, l, r and x) rafts treated with 16 µg/ml lopinavir/ritonavir.
Rafts were harvested at different points and stained with hematoxylin and eosin. (Panels a to
f) rafts were harvested at day 4; (Panels g to l) rafts were harvested at day 8; (Panels m to r)
rafts were harvested at day 12; (Panels s to x) rafts were harvested at day 16. Images are at
10 × original magnification.
Lower Block. Effect of 70% ethanol corresponding to the different drug treatments on
gingival epithelium growth and stratification. Treatment with 3, 6, 9.8, 13.5 and 16 µg/ml
lopinavir/ritonavir corresponds to exposure of raft cultures with 0.15, 0.3, 0.49, 0.69 and 0.8
µl of 70% ethanol per ml of E-media respectively.
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Fig. 2.
A. Effect of lopinavir/ritonavir on gingival epithelium morphology and stratification.
Primary gingival keratinocytes were grown in organotypic (raft) cultures and treated with
different concentrations of lopinavir/ritonavir at day 8. (Panels a, g, m, and s) untreated
rafts; (Panels b, h, n and t) rafts treated with 3 µg/ml lopinavir/ritonavir; (Panels c, i, o and
u) rafts treated with 6 µg/ml lopinavir/ritonavir; (Panels d, j, p and v) rafts treated with 9.8
µg/ml lopinavir/ritonavir; (Panels e, k, q and w) rafts treated with 13.5 µg/ml lopinavir/
ritonavir; (Panels f, l, r and x) rafts treated with 16 µg/ml lopinavir/ritonavir. Rafts were
harvested at different points and stained with hematoxylin and eosin. (Panels a to f) rafts
were harvested at 2 days post treatment; (Panels g to l) rafts were harvested at 4 days post
treatment; (Panels m to r) rafts were harvested at 6 days post treatment; (Panels s to x) rafts
were harvested at 8 days post treatment. Images are at 20 × original magnification. Circles in
images i and o indicate less tight cell-cell contacts within the stratified layers or tissues with
compromised integrity.
B. Transmission electron microscopy micrographs of untreated and lopinavir/ritonavir
treated gingival tissue. (Panels a and b) untreated rafts; (Panels c and d) rafts treated with 6
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µg/ml lopinavir/ritonavir; (Panels e and f) rafts treated with 9.8 µg/ml lopinavir/ritonavir.
(Panels a, c and e) micrograph at low magnification; (Panels b, d and f) micrograph at higher
magnification. Arrows indicate the desmosomes configuration.
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Fig. 3.
Expression pattern of cytokeratin 10 in untreated and lopinavir/ritonavir treated gingival raft
cultures. Primary gingival keratinocytes were grown in organotypic (raft) cultures and
treated with different concentrations of lopinavir/ritonavir at day 8. (Panels a, g and m)
untreated rafts; (Panels b, h and n) rafts treated with 3 µg/ml lopinavir/ritonavir; (Panels c, i
and o) rafts treated with 6 µg/ml lopinavir/ritonavir; (Panels d, j and p) rafts treated with 9.8
µg/ml lopinavir/ritonavir; (Panels e, k and q) rafts treated with 13.5 µg/ml lopinavir/
ritonavir; (Panels f, l and r) rafts treated with 16 µg/ml lopinavir/ritonavir. Rafts were
harvested at different points and stained with anti-cytokeratin 10 antibody. (Panels a to f)
rafts were harvested at 2 days post treatment; (Panels g to l) rafts were harvested at 4 days
post treatment; (Panels m to r) rafts were harvested at 6 days post treatment. Arrows indicate
the expression of cytokeratin 10. Images are at 20 × original magnification.
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Fig. 4.
Expression pattern of cytokeratin 6 in untreated and lopinavir/ritonavir treated gingival raft
cultures. Primary gingival keratinocytes were grown in organotypic (raft) cultures and
treated with different concentrations of lopinavir/ritonavir at day 8. (Panels a, g and m)
untreated rafts; (Panels b, h and n) rafts treated with 3 µg/ml lopinavir/ritonavir; (Panels c, i
and o) rafts treated with 6 µg/ml lopinavir/ritonavir; (Panels d, j and p) rafts treated with 9.8
µg/ml lopinavir/ritonavir; (Panels e, k and q) rafts treated with 13.5 µg/ml lopinavir/
ritonavir; (Panels f, l and r) rafts treated with 16 µg/ml lopinavir/ritonavir. Rafts were
harvested at different points and stained with anti-cytokeratin 6 antibody. (Panels a to f) rafts
were harvested at 2 days post treatment; (Panels g to l) rafts were harvested at 4 days post
treatment; (Panels m to r) rafts were harvested at 6 days post treatment. Arrows indicate the
expression of cytokeratin 6. Images are at 20 × original magnification..
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Fig. 5.
(A) Proliferating cell nuclear antigen and (B) cyclin A expression pattern in untreated and
lopinavir/ritonavir treated gingival raft cultures. Primary gingival keratinocytes were grown
in organotypic (raft) cultures and treated with different concentrations of lopinavir/ritonavir
at day 8. (Panels a, g and m) untreated rafts; (Panels b, h and n) rafts treated with 3 µg/ml
lopinavir/ritonavir; (Panels c, i and o) rafts treated with 6 µg/ml lopinavir/ritonavir; (Panels
d, j and p) rafts treated with 9.8 µg/ml lopinavir/ritonavir; (Panels e, k and q) rafts treated
with 13.5 µg/ml lopinavir/ritonavir; (Panels f, l and r) rafts treated with 16 µg/ml lopinavir/
ritonavir. Rafts were harvested at different points and stained with anti-PCNA and cyclin A
antibody. (Panels a to f) rafts were harvested at 2 days post treatment; (Panels g to l) rafts
were harvested at 4 days post treatment; (Panels m to r) rafts were harvested at 6 days post
treatment. Arrows indicate the expression of PCNA and cyclin A. Images are at 20 ×
original magnification.
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