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Am J Physiol Lung Cell Mol Physiol 299: L393–L400, 2010. First
published June 25, 2010; doi:10.1152/ajplung.00437.2009.—Matrix
metalloproteinases (MMPs) have been implicated in lung cyst forma-
tion in lymphangioleiomyomatosis (LAM). As doxycycline inhibits
MMP activity in vivo, some patients take doxycycline, as one report
has suggested a possible benefit in LAM. However, there have been
no randomized controlled clinical trials of doxycycline for LAM, and
any mechanism of action is unclear. Here, we examine previously
proposed mechanisms of actions. Cell proliferation and adhesion were
examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction and Cytomatrix cell adhesion kits. Apopto-
sis was examined by TdT-mediated dUTP nick end labeling (TUNEL)
assay. MMP-2 expression was examined by quantitative real-time
PCR and zymography in doxycycline-treated ELT3 cells and tumor
growth using angiomyolipoma-derived tumor xenografts in nude
mice. In ELT3 cells, �25 �g/ml doxycycline decreased proliferation,
increased apoptosis, and caused a change in cell morphology associ-
ated with redistribution of actin stress filaments. Reduction in prolif-
eration was also seen in human angiomyolipoma-derived cells. Cell
adhesion to ECM proteins was decreased by doxycycline at 50 �g/ml
and prevented detachment of already adherent cells. There was no
effect of doxycycline on MMP-2 expression or activity in vitro. In the
xenograft model, doxycycline (30 mg·kg�1·day�1) had no effect on
tumor growth, final tumor weight, or tumor lysate MMP levels.
Doxycycline at doses � 25 �g/ml inhibited cell proliferation and
adhesion, possibly by a toxic effect. Doxycycline had no effect on
MMP-2 expression or activity or tumor growth in the xenograft
model. Any possible in vivo effect is unlikely to be mediated by
MMP-2 or reduced cell proliferation.

lymphangioleiomyomatosis; matrix metalloproteinases

LYMPHANGIOLEIOMYOMATOSIS (LAM) is a rare disease of the
lungs and lymphatics occurring almost exclusively in women.
LAM occurs sporadically or in association with the autosomal
dominant condition tuberous sclerosis complex (TSC). Both
sporadic and TSC LAM are associated with mutations in the
tuberous sclerosis genes (2). LAM affects women of childbear-
ing age and nearly always presents before menopause (21, 35).
It is characterized by the abnormal growth of atypical smooth
muscle-like LAM cells in the lungs and axial lymphatics,
leading to progressive cystic destruction of the lung paren-
chyma, obstruction of lymphatics and airways, and in most
cases progressive respiratory failure (22). Currently, there are
no proven treatments for LAM.

Recent interest in the possible role of matrix metalloprotein-
ases (MMPs) in the pathogenesis of cystic lung destruction in
LAM offers a potential therapeutic target (26). MMPs are a
family of enzymes for which the main function is to degrade
components of the ECM, which are involved in the turnover of
molecules such as collagens, elastin, proteoglycans, and gly-
coproteins (29, 41). MMPs are present in normal tissues and
are secreted in a latent form as inactive zymogens, which
require activation for proteolytic activity. They are inhibited by
tissue inhibitors of metalloproteinases (TIMPs), which play an
important part in their regulation. Imbalance between MMPs
and their inhibitors has been implicated in the pathogenesis of
other lung disorders, including asthma and COPD (40), idio-
pathic pulmonary fibrosis, diffuse alveolar damage, and Lang-
erhans cell histiocytosis (LCH) (15). Protease imbalance has
been described in LAM lesions: overexpression of membrane
type 1 MMP, a membrane-associated protein that activates
MMP-2, has been demonstrated in spindle-shaped LAM cells
(26). A rapamycin-insensitive increase in MMP-2 expression
has been described in a TSC2-null immortalized angiomyoli-
poma (AML)-derived cell line from a LAM patient (24).
Increased expression of MMP-1, -2, and -9 has also been
demonstrated in LAM tissues (18), whereas TIMP-3 is re-
pressed in LAM cells through the aberrant induction of serum
response factor, a transcription factor normally expressed in
immature smooth muscle cells (18, 42). As MMP-related
alterations of the ECM in malignant tumors contribute to cell
migration, invasion, and metastasis (4), a similar mechanism
may facilitate LAM cell migration and entry into the circula-
tion (17).

Doxycycline, a tetracycline antibiotic, has been shown to
inhibit some MMPs independent of its antimicrobial activity
(14, 34). In some cell types, doxycycline can directly inhibit
the catalytic activity of MMPs (11) or pro-MMP activation,
resulting in diminished activation, accelerated enzyme degra-
dation, and loss of enzymatic activity (36). Tetracyclines are
also known to downregulate gene expression (39) and scav-
enge the action of oxygen species that play a role in the
activation of procollagenases and progelatinases in vitro (31).
Doxycycline also modulates other cellular functions including
proliferation and matrix remodeling (7). Doxycycline has al-
ready been trialed with some success in the treatment of
pulmonary capillary hemangiomatosis (8), where angiogenesis
is known to be dependent on MMP activity. A case report
suggested that doxycycline treatment in LAM was associated
with improvement in forced expiratory volume in 1 s (FEV1)
and reduction in urine MMP levels (27). An increase in shuttle
walk distance was also seen in a preliminary study of 10
patients presented at the 2006 LAM Foundation International
Research Conference in Cincinnati, Ohio. However, there is
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currently insufficient evidence to say whether treatment with
doxycycline will have any role in the treatment of LAM.
Despite this, a significant number of patients are taking doxy-
cycline treatment for LAM.

In rat vascular smooth muscle cells (7), 104 �M doxycycline
(�50 �g/ml) was found to increase cell adhesion and decrease
cell migration and proliferation and inhibit MMP-2 and -9
activity in vitro. In human skin keratinocytes, 50 �g/ml doxy-
cycline was found to inhibit MMP-2 expression (39). In our in
vitro model of LAM, we sought to determine whether these
previously described effects of doxycycline that are the basis
for some of the assumed mechanisms of the action of doxycy-
cline in LAM are real or due to nonspecific effects. Addition-
ally, we used an in vivo model to examine the effects of
doxycycline on MMP activity and tumor growth. The focus of
this study therefore is to examine the previously documented
actions of doxycycline in vitro and in vivo on processes
relevant to LAM disease.

METHODS

Doxycycline preparation. Doxycycline hydrochloride (also known
as doxycycline hyclate; Sigma-Aldrich) is water soluble. All concen-
trations of doxycycline were prepared freshly for each experiment
using tissue culture medium as the vehicle. Therefore, in experiments
where 0 �g/ml doxycycline was used, tissue culture medium alone
was added.

Cell culture. ELT3 cells are a TSC2-null smooth muscle-derived
cell line from an Eker rat spontaneous uterine leiomyoma (20) and
have been used as a model for LAM in other studies (12, 13). ELT3
cells were obtained from Dr. Cheryl Walker (MD Anderson Cancer
Centre, Smithville, TX), grown in phenol red-free DMEM/F-12 with
10% FBS at 37°C and 5% CO2, and used between passages 35 and 40.
For all experiments, cells were seeded at a density of 1 � 104

cells/cm2. All experiments were performed at subconfluence as ELT3
cells proliferate rapidly and do not growth-arrest easily.

Human airway smooth muscle (ASM) cells were grown from
explants from large airways of surgical resection specimens according
to a method described by Daykin et al. (5). Ethical permission was
received from the Nottingham Research Ethics Committee. Cells were
grown in phenol red-free DMEM/F-12 medium with 10% FBS at
37°C and 5% CO2 and were used between passages 4 and 8. For all
experiments, cells were seeded at a density of 1 � 104 cells/cm2 and
used at confluency.

Human AMLs from patients with LAM or tuberous sclerosis were
collected from excess material obtained for clinical purposes from
patients on the United Kingdom LAM database. Ethical approval for
the United Kingdom LAM database was obtained from the Trent
Multi-Centre Research Ethics Committee, and the use of AML tissue
and primary AML cell culture from the Nottingham Research Ethics
Committee. Informed consent was obtained. Primary cells were ex-
tracted from AMLs and characterized by RT-PCR for a panel of
markers including Gp100, Mart1, and estrogen receptor and by
Western blotting to demonstrate constitutively active p70 S6 kinase
under conditions of prolonged serum withdrawal as previously de-
scribed (3). Cells were grown in phenol red-free DMEM/F-12 me-
dium with 15% FBS and 10 ng/ml EGF at 37°C and 5% CO2 and were
used between passages 2 and 3. For all experiments, cells were seeded
at a density of 1 � 104 cells/cm2 and used at subconfluence after 1 wk.

Proliferation assay. ELT3 and AML cells were seeded on 6-well
tissue culture plates in phenol red-free DMEM/F-12 medium with
10% FBS for 24 h. ASM cells were seeded on 6-well tissue culture
plates in phenol red-free DMEM/F-12 medium with 10% FBS and
AML cells with phenol red-free DMEM/F-12 medium with 15% FBS
and 10 ng/ml EGF on 6 wells of a 96-well plate until subconfluent.
Cells were then growth-arrested in serum-free medium for 24 h before

Fig. 1. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay to assess cell proliferation in ELT3 cells at 0, 1, 2, 3, and 4
days cultured in serum-free media with 0–50 �g/ml doxycycline (A) and 0–50
�M ilomastat (B) and primary angiomyolipoma (AML) cells (passage 2)
cultured in media with 15% FBS and 10 ng/ml EGF (C). These data presented
are from single experiments representative of 3 to illustrate the trends seen.
***P � 0.001 from day 2.

Fig. 2. Apoptosis assay on ELT3 cells cultured in 10% FCS and 0–50 �g/ml
doxycycline at 48 h. ***P � 0.001. TUNEL, TdT-mediated dUTP nick end
labeling; DAPI, 4=,6=-diamidino-2-phenylindole.
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exposure to doxycycline for �96 h. Proliferation was assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as previously described (28) at 0, 24, 48, 72, and 96 h.

Zymography. Gelatinolytic activity of cell culture supernatants,
serum, and cell lysates was analyzed by gelatin zymography as
described previously (16) using precast Novex polyacrylamide zymo-
gram gels (Invitrogen, Paisley, United Kingdom). Supernatants were
used undiluted; serum and cell lysates were diluted 1:40 with distilled

water before use. Semiquantitative analysis of gelatinolytic activity
was performed by densitometry using computer imaging software
(ImageJ 1.38x; W. S. Rasband, National Institutes of Health, Be-
thesda, MD; http://rsbweb.nih.gov/ij/).

Cell adhesion assay. Cell adhesion was assessed using the Cyto-
matrix screening kit (Chemicon) according to the manufacturer’s
instructions. ELT3 cells were grown to 50% confluence, serum-
depleted, and then treated with either 50 �g/ml doxycycline or vehicle
for 48 h. Cells were removed using nonenzymatic detachment solution
(Sigma-Aldrich), washed twice, resuspended in DMEM without se-
rum containing either 50 �g/ml doxycycline or vehicle (tissue culture
medium alone), and plated at a density of 1 � 104 cells/well onto
96-well plates coated with fibronectin, vitronectin, laminin, collagen I,
and collagen IV or albumin. After 4 h, the medium was removed, and
plates were washed twice in Dulbecco’s PBS. Cells were stained using
crystal violet solution, gently washed 3 times with PBS, and crystal
violet-solubilized, and absorbance was read at 540 nm.

Cell detachment assay. ELT3 cells were seeded onto 12-well plates
and used at subconfluence. After 24 h, cells were serum-starved for 24
h before adding medium containing 0, 1, 5, 10, 25, or 50 �g/ml
doxycycline. For each 12-well plate, 2 wells of each concentration
were used. At 48 h, the medium from 1 well of each concentration was
aspirated, and the wells were washed 3 times with Dulbecco’s PBS
warmed to 37°C. The cells were then stained using 0.2% (vol/wt)
crystal violet solution in 18% (vol/vol) ethanol for 5 min followed by
3 washes with PBS. The remaining 6 wells were washed 3 times with
warmed Dulbecco’s PBS and exposed to nonenzymatic detachment
solution (Sigma-Aldrich) for 5 min. The cells were then washed and
stained as above. The crystal violet was solubilized using 50 mM
NaH2PO4 in 25% (vol/vol) ethanol (pH 4.5), and absorbance was read
at 540 nm. The data were presented as percentage of absorbance after
detachment/absorbance before detachment to give an estimation of
cells remaining. All experiments were repeated in triplicate.

Apoptosis assay. Apoptosis was assessed using a TdT-mediated
dUTP nick end labeling (TUNEL)-based fluorescein in situ cell death
detection kit (Roche) according to the manufacturer’s instructions
(38). In brief, ELT3 cells were seeded on an 8-well chamber slide in
DMEM with 10% FCS. After 24 h, cells were serum-starved for 24 h,
and the medium was replaced with DMEM containing 0, 1, 5, 10, 25,
or 50 �g/ml doxycycline. At 48 h, the cells in wells were air-dried and
fixed with 3.7% formaldehyde for 1 h at room temperature and then
washed twice with Dulbecco’s PBS. The cells were permeabilized

Fig. 3. A: percentage of ELT3 cells remaining adherent after 5-min exposure
to nonenzymatic detachment solution. Error bars � SE, n � 3. ***P � 0.001.
B: cell adhesion following 2-h exposure to 50 �g/ml doxycycline (gray bars)
and no doxycycline (black bars). Error bars � SE, n � 3. *P � 0.05.

Fig. 4. ELT3 cells cultured in serum-free DMEM (A and
C) and with additional 50 �g/ml doxycycline (B and D)
for 48 h where the cells have become small and rounded
(black arrow). C and D illustrate fluorescence for actin
and nuclei using phalloidin and DAPI, respectively. In
D, multinucleate cells (thick white arrow) and disrupted
stress filaments (thin white arrow) can be seen.

L395EFFECT OF DOXYCYCLINE IN LAM-RELATED CELLS

AJP-Lung Cell Mol Physiol • VOL 299 • SEPTEMBER 2010 • www.ajplung.org



with 0.1% (vol/vol) Triton X-100 and 0.1% (vol/wt) sodium citrate in
PBS for 2 min at 4°C. The chambers were treated with TUNEL
reaction mixture and left to incubate in the dark at 37°C. A negative
control was provided by a well treated with the addition of label
solution in the absence of terminal transferase, and a positive control
was provided by a well pretreated with DNase I (Qiagen, Crawley,
United Kingdom). After incubation, cells were counterstained with
4=,6=-diamidino-2-phenylindole (DAPI) and viewed under an inverted
microscope (Nikon Diaphot 300 with epifluorescent capabilities; Ni-
kon, Kingston Upon Thames, United Kingdom). Six random fields
were counted for FITC and DAPI staining, and the number of
apoptotic cells was calculated as a percentage of FITC/DAPI cells.

Staining for actin. ELT3 cells were seeded directly onto glass
coverslips at a density of 1 � 104 cells/ml. The cells were serum-
starved for 24 h, and the medium was changed to contain 0, 1, 5, 10,
20, or 50 �g/ml doxycycline. At 48 h, the samples were fixed using
3.7% (vol/vol) formaldehyde at room temperature for 10 min and then
washed twice with PBS and permeabilized using 0.1% Triton X-100
(vol/vol) in PBS for 5 min followed by 2 further washes in PBS. The
cells were then preincubated with 1% (vol/wt) bovine serum albumin
for 30 min at room temperature. Cells were stained for actin using
FITC-labeled phalloidin (Sigma-Aldrich), counterstained with DAPI,
and imaged using an inverted microscope (Nikon Diaphot 300 with
epifluorescent capabilities) and Spot-Cam software.

Real-time RT-PCR. Relative quantification of ELT3 and MMP-2, -9,
and -14 mRNA was performed using a SYBR Green quantitative PCR
method relative to �2-microglobulin. mRNA was extracted from the exper-
imental samples using the RNeasy mini kit (Qiagen) according to the
manufacturer’s instructions. Contaminating DNA was removed using DNase
I (Qiagen), and cDNA was synthesized using SuperScript II Reverse Tran-
scriptase (Invitrogen). PCR was performed in triplicate with appropriate
negative controls on a Stratagene Mx3005P QPCR System. PCR comprised
5 �l of cDNA (prediluted 25-fold with sterile distilled water), 12.5 �l of
Brilliant SYBR Green QPCR Master Mix (Stratagene), 6.5 �l of sterile
distilled water (Baxter), and 1 �l of 5 mM primer mix using the rat �-actin
upstream primer 5=-GGGAAATCGTGCGTGACATT-3= and downstream
primer 5=-GCGGCAGTGGCCATCTC-3= (6), the rat GAPDH upstream
primer 5=-ATGATTCTACCCACGGCAAG-3= and downstream primer 5=-
CTGGAAGATGGTGATGGGTT-3=, the rat �2-microglobulin upstream
primer 5=-CGTGATCTTTCTGGTGCTTGTC-3= and downstream primer
5=-TTCTGAATGGCAAGCACGAC-3= (9), the rat MMP-2 upstream
primer 5=-GACACGATGAAGGCTATGAGG-3= and downstream
primer 5=-CTGGATGCAGAAAGTGATCTC-3=, the rat MMP-9 up-
stream primer 5=-CTGGCAGAGGATTACCTGTACC-3= and down-
stream primer 5=-CTGGCAGAGGATTACCTGTACC-3=, and the rat
MMP-14 upstream primer 5=-GTTACACACCTGACCTGGACC-3= and
downstream primer 5=-GTTACACACCTGACCTGGACC-3=. Each
PCR reaction generated only the expected amplicon as demonstrated by
the melting temperature profiles of the final products. Results [threshold
cycle (CT) values] were normalized against �2-microglobulin and ex-
pressed as 2��CT and 2���CT (25). Identical results were obtained using
GAPDH for normalization.

Xenograft model. In vivo studies were performed under United
Kingdom Coordinating Committee on Cancer Research (UKCCCR)
guidelines (United Kingdom Home Office project license no. 40/
2323) using nude mice (Harlan) and SV7tert AML cells [CRL-2461;
American Type Culture Collection (ATCC)] as previously described
(3). In brief, subcutaneous tumors were induced by subcutaneous
inoculation of 2 � 106 cells in 100 �l of PBS in the left flank of
female nude mice. They were then either given 30 mg/kg doxycycline
daily or vehicle only by oral gavage. Tumor size was measured three
times a week using calipers in two perpendicular dimensions. Mice
were terminated when the tumor cross-sectional area reached 250
mm2. On termination, tumors were excised, weighed, snap-frozen in
liquid nitrogen, and stored at �70°C. Serum was also isolated and
stored at �70°C.

Tumor lysates were prepared by homogenizing �40-mg samples
from the tumors in 200 �l of 0.1% SDS. The samples were pelleted,
and the protein content of the supernatants was determined before
zymography using the Bio-Rad assay. Serum samples were also
analyzed by zymography after protein quantification.

RESULTS

Doxycycline inhibits cell proliferation at high dose. Treat-
ment of ELT3 cells with increasing doses of doxycycline
resulted in a decrease in cell proliferation at doses � 25 �g/ml
(Fig. 1A; P � 0.01 from day 2 by 2-way ANOVA). There was
no statistically significant difference at doses lower than this.
To examine whether this effect was dependent on MMP
activity, we used the MMP inhibitor ilomastat at doses shown
to inhibit MMPs in tissue culture (16). Ilomastat did not effect
cell proliferation at the doses shown (Fig. 1B). We next
examined the affect of doxycycline in primary AML cells.
Again, a decrease in cell proliferation was seen at doses � 25
�g/ml (Fig. 1C; P � 0.01 from day 2 by 2-way ANOVA).

Doxycycline induces apoptosis at high doses. To see
whether the antiproliferative effects of doxycycline were due to

Fig. 5. Quantitative RT-PCR for matrix metalloproteinases MMP-2 (A),
MMP-14 (B), and MMP-9 (C) in ELT3s cultured with serum-free DMEM and
0–50 �g/ml doxycycline at 48 h using �2-microglobulin as the normalizing
gene. Similar data were seen when normalized against GAPDH. There was no
statistically significant difference seen, although there was a trend to decreased
expression with �20 �g/ml doxycycline. CT, threshold cycle.
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cell death, we next examined whether doxycycline induced
apoptosis in ELT3 cells. At concentrations of doxycycline �25
�g/ml, levels of apoptosis were low and did not differ from
vehicle-treated cells. Exposure to �25 �g/ml doxycycline led
to apoptosis in almost all cells (P � 0.001, 1-way ANOVA;
Fig. 2).

Doxycycline increases cell adhesion. In previous experi-
ments, it was noted that detachment of cells using both trypsin

and nonenzymatic detachment solution was significantly pro-
longed following treatment with 50 �g/ml doxycycline. This
effect was observed as early as 2 h after exposure to doxycy-
cline and was not associated with a change in cell morphology.
We went on to examine this formally. Cell attachment was
significantly enhanced following exposure to 50 �g/ml doxy-
cycline (P � 0.01, 1-way ANOVA; Fig. 3A). However, once
cells had been detached, treatment with doxycycline resulted in

Fig. 6. MMP expression in ELT3s (A; n � 3) and AMLs (B) and human airway smooth muscle cells (HASM; C) (n � 4). The top row shows an example
zymogram. The middle row shows densitometry (expressed as x/standard, where x � optical density) for total (black bars) and active (gray bars) MMP-2. Error
bars � SE. ***P � 0.001.

Fig. 7. Effect of ilomastat and doxycycline
(Dox) on ELT3-derived MMP-2 gelatinolytic
activity. Error bars � SE, n � 3. ***P �
0.001.
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reduced adhesion on all ECM substrates tested other than the
control (albumin) with statistical significance obtained for
fibronectin (P � 0.049) and vitronectin (P � 0.049) (Fig. 3B).

Doxycycline alters cell morphology at high dose. ELT3 cells
were treated with doxycycline (0–50 �g/ml) for 48 h. After 48
h, a change in cell morphology with the cells becoming
rounded was observed with doses of doxycycline � 25 �g/ml
(Fig. 4B) compared with vehicle-treated cells (Fig. 4A). To
determine whether this was an effect on the cytoskeleton,
staining for F-actin with fluorescently labeled phalloidin was

performed. In vehicle-treated cells, stress filaments were ar-
ranged along the long axis of the cell (Fig. 4C). In doxycycline-
treated cells, staining was distributed adjacent to the cell
membrane (Fig. 4D). In addition, counterstaining with DAPI
revealed many multinucleate cells.

There is a trend to decreased expression of MMP-2 at �25
�g/ml doxycycline, but doxycycline does not significantly
decrease MMP expression when corrected for cell number.

After 48-h exposure to doxycycline, there was a trend to
decreased expression of MMP-2 mRNA with concentrations of
�25 �g/ml doxycycline on quantitative RT-PCR using �2-
microglobulin for normalization. This was not of statistical
significance, however (Fig. 5). Similar results were seen using
GAPDH for normalization. Initial examination of MMP-2 and
pro-MMP-2 gelatinolytic activity in ELT3 cells by zymogra-
phy suggested a decrease in MMP-2 expression with doses of
doxycycline � 25 �g/ml (Fig. 6). However, this correlated
with a decrease in total cell number, using the MTT reduction
assay as a surrogate marker (Fig. 6). ELT3 cells expressed no
MMP-9 protein, and, consistent with this, transcript levels of
MMP-9 mRNA were 500-fold lower than MMP-2 mRNA (Fig.
5). A similar trend was seen with AML cells (Fig. 6). When the
experiment was repeated with confluent, contact-inhibited hu-
man ASM cells, there was no effect on MMP-2 activity or cell
number (Fig. 6).

Doxycycline does not directly inhibit MMP gelatinolytic
activity. We next determined whether doxycycline could affect
the activity of preformed MMP-2 in supernatants from ELT3
cells cultured in the absence of doxycycline by gelatin zymog-
raphy. When doxycycline (50 �g/ml) was added to the zymo-
gram developing buffer, there was no effect on MMP-2 gela-
tinolytic activity. However, when the MMP inhibitor ilomastat
was added at a concentration of 50 �M, there was a strong
reduction in gelatinolytic activity (Fig. 7; P � 0.01, 1-way
ANOVA).

Doxycycline did not affect subcutaneous tumor volume or
weight or tumor MMP activity in AML xenografts. To deter-
mine whether doxycycline is effective against a LAM-related
lesion in vivo, we used a previously validated AML xenograft
model (3). Over a 60-day period, there was no significant
difference in tumor volume between the control and doxycy-

Fig. 8. Effect of 30 mg/kg per os (p.o.; orally) doxycycline daily on mean
tumor volume over time (A) and end mean tumor weight at day 62 (B) in a
mouse xenograft model. Control n � 5, treatment n � 6, error bars � SE. od,
Omne in die (once daily).

Fig. 9. Effect of 30 mg/kg p.o. doxycycline daily on gelatinase
activity from tumor lysates. A shows zymography for gelatinase
expression, and B the analysis via densitometry. No significant
difference is seen for either MMP-2 or pro-MMP-2.
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cline-treated mice (Fig. 8A) nor was there any significant
difference in end tumor weight (Fig. 8B). Zymography of
tumor lysates obtained at the end of the study also showed no
significant difference in MMP-2 or -9 expression between
treated and untreated mice (Fig. 9).

DISCUSSION

Our findings show that doxycycline decreased cell number,
increased apoptosis, and caused changes in cell morphology at
�25 �g/ml concentrations. The small effect of reduced
MMP-2 production by doxycycline is likely to be due to this
antiproliferative effect. Consistent with our observations, pre-
vious studies suggest that doxycycline inhibits cell prolifera-
tion in vitro. One study showed a 58% decrease in thymidine
incorporation in rat vascular smooth muscle cells with 104
�mol/l (�50 �g/ml) doxycycline (7). Our data suggest that the
antiproliferative effects of doxycycline are unlikely to be
directly due to MMP inhibition as cell proliferation was not
inhibited by the potent MMP inhibitor, ilomastat. Doxycycline
toxicity may be a possible explanation for these findings,
which would be consistent with the strong increase in apoptosis
seen at these doses of doxycycline. Doxycycline had no effect
on tumor volume or lysate MMP-2 or -9 expression in our
tumor model, possibly because a previous study has suggested
that mean plasma concentrations of humans treated with
100-mg doxycycline twice daily are in the range of 1.8–9.4
�g/ml (30), indicating that the positive results we have seen in
vitro may only occur at supraphysiological doses. These find-
ings are in keeping with those of Lee et al. (23), who showed
that 10 mg/kg doxycycline did not decrease tumor volume in
another xenograft model in nude mice.

The changes in cell morphology we have observed at con-
centrations of doxycycline � 25 �g/ml have also been ob-
served by other groups in fibroblasts (19) and rat vascular
smooth muscle cells (7). In rat vascular smooth muscle cells
treated with 31 �mol (�15 �g/ml) doxycycline, this was
associated with increased adherence to tissue culture plates,
increased areas of focal contact, reorganization of the actin
cytoskeleton, and the formation of peripheral focal adhe-
sions (7).

Although our data cast doubt on some of the proposed
mechanisms of action of doxycycline, they do not explain the
effects of doxycycline seen in vivo. Our in vitro models used
a monoculture of TSC2-null cells, and in vivo there is likely to
be an interplay between LAM cells and other cells in the lung
parenchyma. In addition, interpretation of our data from our in
vivo animal model must take into account the fact that the
induced subcutaneous tumors were poorly vascularized and
therefore may not have been exposed to significant concentra-
tions of doxycycline. In addition, a subcutaneous xenograft
will not exactly model the lung parenchyma in LAM. Unfor-
tunately, there are currently no animal models of LAM lung
disease in which we can test our hypothesis. However, pro-
longed administration of 100-mg doxycycline twice daily in
patients with small asymptomatic abdominal aortic aneurysms
has been associated with a reduction in plasma MMP-9 levels
(1). Similarly, 20-mg doxycycline twice daily (a subantimicro-
bial dose) has been found to significantly reduce collagenase
activity, thought to be predominantly due to MMP-8, in gin-
gival crevicular fluid in postmenopausal osteopenic women

(10). Doxycycline may therefore have a variety of other mech-
anisms of action that we have not examined here. Our intention
was to examine its effects on the gelatinases MMP-2 and -9
based on previous studies, however, its mechanism of action
could involve other MMPs, particularly the collagenases
MMP-1, -8, and -13, as tetracyclines have been reported to
inhibit collagen degradation (7). In addition, effects on angio-
genesis (37) and mitochondrial function (33) have been re-
ported and could be of relevance to LAM.

We therefore have not been able to find a clear mechanism
for the doxycycline-sensitive elevation of MMPs seen in LAM,
and further studies are needed in vivo and in vitro to establish
a mechanism for these effects and to determine whether there
is a therapeutic role for the use of doxycycline in LAM and
other lung diseases characterized by increased MMP activity.
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