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Abstract The development of strategies to ameliorate
post-myocardial infarction (MI) remodeling and im-
prove function continues to be an area of clinical
importance. Use of steroids for this purpose is con-
troversial since the effects of timed treatment on rel-
evant inflammatory, biochemical and structure/
function endpoints are unclear. In a previous report,
we demonstrated that use of doxycycline pre-treatment
improves post-MI remodeling and passive left ven-
tricular (LV) function. However, the effects of timed
doxycyline post-MI treatment are unknown. To
examine these issues, we performed a study using a rat
MI model. Animals were administered one of the fol-
lowing: doxycycline (DOX), the corticosteroid meth-
ylprednisolone (MP), or aqueous vehicle. Treatment
was given early, short-term (at time of MI to 24 h post-
MI) or late, long term (2-7 days post-MI). Animals
were sacrificed at 3, 7 or 42 days post-surgery. We as-
sessed LV hemodynamics, pressure-volume, and
pressure-scar strains, histomorphometry, inflammation
via measurements of myeloperoxidase activity, and
matrix metalloproteinase (MMP) activity. Late MP
treatment yielded a robust right-shifted pressure—vol-
ume curve, which was accompanied by increased scar
strains. Late DOX treatment yielded reduced average
heart weight and size and preserved scar thickness.
DOX treatment did not suppress inflammation, which
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contrasts with the suppressive effects of MP. Use of
early or late MP yielded increased MMP activity in
infarcted and non-infarcted regions. Early and late
treatment with DOX yielded infarct-associated MMP
activity levels comparable to those of vehicle-treated
animals. In conclusion, results indicate that late use of
MP yields adverse post-MI structure/function out-
comes that correlate with suppression of inflammation
and increased MMP activity. These observations con-
trast with those of DOX, in particular, late treatment
where improved outcomes were observed in LV
structure and were accompanied by the lack of sup-
pression of inflammation.

Introduction

The development of adverse left ventricular (LV)
remodeling following a myocardial infarction (MI) is
known to negatively affect the clinical evolution of
patients [1]. Indeed, adverse LV remodeling can lead
to the development of heart failure, which is the most
common cause of hospitalization in the USA in
medicare patients [2]. At present, pharmacological
options to limit the development of adverse remodel-
ing include the use of agents that interrupt or block the
action of angiotensin II, catecholamines and aldoste-
rone [2]. Despite the availability of these agents, a
significant number of patients continue to progress
towards heart failure and either succumb to the disease
or receive a heart transplant. Thus, the development of
novel treatment strategies to reduce adverse LV
remodeling following MI is warranted.
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For many years, modulation of post-MI inflamma-
tion has been considered a target of interest for ther-
apy [3]. In this regard, two opposing views exist. One
view notes that the suppression of inflammation is
associated with adverse outcomes and thus, this strat-
egy should be avoided [3]. Support for this view is
derived from studies in animal models and humans
where use of glucocorticoids or non-steroidal anti-
inflammatory agents are associated with worsened
post-MI ventricular structure/function and increased
mortality [4-7]. However, these observations are
countered by studies where use of glucocorticoids has
apparently led to improved outcomes [8-12]. Use of
reperfusion therapy post-MI (in particular, late reper-
fusion (24 h and beyond) where myocardial salvage is
unlikely) and its demonstrated benefits lends credence
to the counter view that facilitation of an inflammatory
infiltrate speeds up healing/scarring and ultimately
yields improved outcomes [13, 14]. The ability of tis-
sues to heal and scar is closely associated with the
inflammatory cascade. Post-MI inflammation is char-
acterized by two major phases. One, the acute phase
associated with neutrophil infiltration and a second,
partially overlapping chronic phase associated with
macrophage infiltration [15]. It has been proposed, and
partially examined in animals, that development of
acute inflammation is not essential for proper healing/
scarring to occur and that neutrophil infiltration may
accentuate local damage partly by leading to increased
matrix metalloproteinase (MMP) activity [16]. In-
creased MMP activity can damage fibrillar collagens
whose integrity limits infarct expansion [15]. This
hypothesis has not been systematically tested in the
infarcted myocardium. Thus, the issue of timing of
steroid treatment is potentially critical since the
development of proper infarct scarring post-MI may
rely on the ability of these compounds to preferentially
exert their actions during specific phases of the
inflammatory process while not adversely affecting the
overall capacity of the myocardium to heal.

Doxycycline (DOX) is a member of the tetracycline
family of antibiotics. Interestingly, an emerging body
of literature has revealed a number of nonantibiotic
properties of DOX that have highlighted the thera-
peutic utility of this agent (for review, see [17]). In-
deed, DOX has been approved for treatment of
periodontal disease, a nonantibiotic indication, via a
mechanism of action linked to the inhibition of MMP
activity [18]. Of particular interest is the observation
that DOX can function as an anti-inflammatory agent,
which has been inferred from studies that demon-
strated reduction in pathological levels of nitric oxide
(NO) (a mediator and marker of inflammation) by

@ Springer

DOX [19, 20]. Overproduction of NO is implicated in
the pathogenesis of chronic inflammatory diseases such
as arthritis, chronic bronchitis and asthma, and ulcer-
ative colitis [21-23].

Tetracyclines have been reported as cardioprotec-
tive in short-term models of ischemia-reperfusion in-
jury [24-27]. We have reported improved outcomes in
ventricular structure/function in hearts subjected to a
permanent coronary occlusion (MI) for 4 weeks in
animals were treated with DOX [28]. Treatment was
provided 24 h pre MI to 48 h post-MI. In addition, the
use of mass spectrometry has allowed us to better
understand DOX-MMP inhibitory properties [29].
However, use of DOX to improve healing post-MI in
the infarcted heart is still seen with skepticism in light
of its anti-inflammatory properties. Furthermore, the
applicability of our previous observations is handi-
capped by the fact that DOX was provided 24 h prior
to coronary occlusion. Currently, nothing is known
about how DOX treatment provided either at the time
of MI or after it may alter the course of LV structure/
function. Furthermore, nothing is known about the
capacity of DOX to modify the inflammatory response
that follows MI. The major objectives of this study
were to: 1) study the effects of early and late treatment
of DOX and methylprednisolone (MP) on post-MI
global LV and scar region structure/function and; 2)
examine the effects of DOX and MP treatment on
inflammation and MMP activity. Early- and late-
treatment strategies were designed to overlap peak
phases of acute (24 h) or chronic inflammation (5-
7 days) in rat myocardium following coronary artery
occlusion [30].

Materials and methods
Materials

Doxycyline hydrochloride was purchased from Sigma-
Aldrich. Methylprednisolone was from Pharmacia &
Upjohn (Kalamazoo, MI).

Surgical preparation and drug administration

Animal studies were performed according to guide-
lines by the American Association for Accreditation of
Laboratory Animal Care, and protocols were approved
by the University of California San Diego Institutional
Animal Care and Use Committee. Male Sprague-
Dawley rats (225-300 g) were anesthetized with a
mixture of ketamine (100 mg/kg) and xylazine (10 mg/
kg) via intraperitoneal injection, intubated, and venti-
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lated with room air. The heart was exposed via a left
thoracotomy, the pericardium opened and the left
anterior descending coronary artery occluded. The
chest was closed and rats were allowed to recover.
Animals were randomly assigned to seven groups:
sham, vehicle treated early, vehicle treated late, DOX
treated early, DOX treated late, MP treated early, and
MP treated late. Rats were treated according to the
schedule shown in Fig. 1. Time = 0, represents the time
of coronary occlusion. DOX (30 mg/kg/day) was dis-
solved in de-ionized water and administered by gavage
every 12 h [28]. The initial dose of DOX in the early-
treatment group was given immediately prior to
administration of anesthesia. The dose of DOX used in
this study was based on previous experiments per-
formed by our group using small and large mammals
(rats and pigs) where DOX led to improved post-MI
outcomes [28, 31]. MP in saline (50 mg/kg/day) was
given as a bolus intraperitoneal injection once per day
[12]. The early treatment MP group received the drug
immediately after the chest was closed. Vehicle—trea-
ted animals were infarcted and given water by gavage
every 12 h according to the DOX treatment schedule.
Shams were subjected to the surgical procedure de-
scribed above and the suture placed without occluding
the coronary artery.

LV sampling and morphology studies

Designated rats were sacrificed at either 3, 7 or 42 days
(6 weeks) after thoracotomy. Hearts were exposed via
medial sternotomy and arrested with an apical injec-
tion of ice-cold arrest solution (NaCl, 4 g/L; KCI,
448 g/L; NaHCOg;, 1 g/L; glucose, 2 g/L; 2,3-butan-
edione monoximine, 3 g/L; heparin, 2000 U/L) into the
LV. Animals sacrificed at 3 and 7 days were processed
as follows: the aorta, atria, and right ventricle were
trimmed away from the LV and the dissected compo-
nents weighed. Left ventricular tissue was allocated for
sampling of the infarct and the non-infarcted LV sep-
tum for MPO and MMP activity. Tissue samples were

Surgery Euthanasia Euthanasia Euthanasia
Early
Treatment UGEEE
1
Late
Treatment Eestnent
1 /L
| 7/
Time=0 24 hr 48 hr 72 hr 7 Days 6 Weeks

Fig. 1 Schematic depicting the treatment protocols used, times
of euthanasia and duration of the study. Time = 0, represents the
time of coronary occlusion

frozen on dry ice. The 6 week animals hearts were used
for pressure-volume/pressure-strain studies (as de-
scribed in subsequent section). Following analyses,
hearts were trimmed of the right ventricle and a 2 mm
ring section within the injury region of infarcted sub-
jects was taken from the middle of the LV. The 2 mm
ring was stained for ~5 min in 2,3,5-triphenyl-2H-tet-
razolium chloride (TTC; 1.5% w/v in arrest solution)
and photographed for determination of infarct size
(Fig. 2). Diameters were derived from inner LV cir-
cumferences. Infarct and septal wall thickness were
also measured from the ring section. Spherical LV
volumes were computed from the measured internal
LV diameters.

Fluorescence analyses for MMP activity

MMP activity was measured using a fluorogenic sub-
strate amenable to cleavage by multiple MMPs (P126,
BIOMOL Research Inc.) as previously described [32].
Three and 7 day tissue samples were homogenized
with a hand-held tissue homogenizer in ice-cold buffer
(50 mM Tris, 150 mM NaCl, 5 mM CaCl,). Homo-
genates were centrifuged to remove insoluble particu-
lates and supernatants were isolated. Homogenates
samples with 50 pg protein and 10 pM of substrate
were mixed in buffer. As in a prior study in our lab,
selected samples were supplemented with the MMP
inhibitor phenanthroline (1 mM), or the serine prote-
ase inhibitor aprotinin (50 kallikrein inhibitory units/
ml) to demonstrate that cleavage of substrate was
mediated by MMPs (data not shown) [32]. Kinetic
fluorescence measurements were performed using a
microplate  reader (excitation 340 nm/emission
405 nm). Substrate cleavage rates were determined
from the linear regions of the kinetic curves.

Myeloperoxidase (MPO) Assays

MPO assays were used as an indicator of tissue
inflammation with samples collected 3 and 7 days post-
MI as previously described [32]. Approximately 10 mg
of tissue was homogenized in ice-cold buffer (50 mM
KH,PO,, 0.5% hexadecyltrimethylammonium bro-
mide, pH 6.0). Homogenates were incubated on ice for
30 min, centrifuged in a microfuge at top speed for
5 min at 4° C and the supernatant was removed. Sub-
strate solution (2 mg/ml tetramethylbenzidine dis-
solved in dimethyl sulfoxide) was diluted 1:10 in
reaction buffer (50 mM KH,PO,, pH 6.0, supple-
mented with 4 ul of 30 % hydrogen peroxide per
10 ml). Homogenates were diluted 1:10 in reaction
buffer (100 pl final volume) and placed into a 96-well
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Fig. 2 Representative ring sections obtained from rat hearts
subjected to a 6 week MI with vehicle, methylprednisolone or
doxycyline treatment. Sections were stained using TTC. Viable
myocardium is seen as darker halftone, with scar tissue in light.

microplate. Substrate solution (100 pl) was added to
the wells and kinetic absorbance measurements of
MPO activity were immediately monitored at 655 nm
(readings every 40 s for 20 min). Data were normalized
to protein concentrations determined using the BCA
Protein Assay Kit (Pierce Inc., Rockford, IL).

Hemodynamics

Six-week subjects were anesthetized with 5% isoflura-
ne and maintained with 1-2% isoflurane. L'V and aortic
pressures were measured with a catheter—pressure
transducer (2 French, 140 cm; Millar Instruments Inc.
Houston, TX) introduced via the carotid artery. Pres-
sures and electrical activity were monitored using
WINDAQ software (version 2.15, DATAQ Instru-
ments Inc.).

Pressure—volume and pressure-strain studies

Passive mechanics of the LV and mature scar were
analyzed in 6 week subjects as previously described
[28). Immediately following hemodynamics measure-
ments, the heart was exposed via medial sternotomy
and arrested as described above. The heart was
excised, rinsed and the atria removed. The right
ventricle was vented via a longitudinal stab through
the free wall and the LV was pierced through the
apex with a sharp cannula to evacuate residual
volume. A purse-string suture was placed around the
mitral annulus, a deflated balloon attached to a
cannula was inserted into the LV and the suture
tightened. The balloon was made by shaping a sheet
of plasticized polyvinyl chloride over a cast of the LV
cavity. To measure two-dimensional epicardial scar
strains with changing L'V pressure, a triangle of white
titanium dots (about 3-4 mm separation between

@ Springer

DOXYCYLINE

Note that the thickness of the infarcted wall of the DOX heart
are preserved compared with either vehicle-treated or MP-
treated hearts

dots) was painted on the surface of the LV within the
scar. A digital video camera was set up to record the
position of the dots during balloon inflation. Water
was infused into the balloon to reach zero pressure.
Internal balloon pressure and infused volume were
simultaneously measured as the balloon was slowly
inflated at a rate of ~1 ml/min to a peak pressure of
30 mm Hg. Data were acquired after two to three
cycles of inflation and deflation of the balloon. For
pressure—strain analyses, video frames at defined
pressures were digitized using Scion Image (Scion
Corp., Fredrick, MD). Two-dimensional epicardial
scar strains were calculated with respect to the car-
diac coordinate system yielding circumferential (Eq;),
longitudinal (E,,), and in-plane shear (E1;) strains as
previously described [28]. Upon completion of these
studies, hearts were processed for morphometry as
described above.

Collagen-area fraction analyses

Trichrome-stained LV cross-sections (10 uM thick-
ness) were imaged on Nikon Optiphot-2 light micro-
scope and digital photographs obtained at 10 x
magnification. Images were obtained from the middle
of the infarct zone. Images were analyzed using Image
J (version 1.36b). Collagen-area fraction was calculated
for each LV cross section as previously described [28].

Data and statistical analysis

All data are reported as mean =+ standard error of the
mean. A minimum of five animals per group were used
for statistical comparison. Statistical analyses were
performed using a Student’s unpaired ¢-test, one-way
or two-way ANOVA and Tukey’s post-hoc test, as
appropriate. Results were considered statistically sig-
nificant at p < 0.05.
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Results

A total of 162 rats were used in this study. Post-MI
mortality was ~34% and no significant differences were
noted between groups. At 6 weeks following surgery,
animals were catheterized to assess LV contractile
function. Results are shown in Table 1. No significant
changes were observed in heart rate, LV end-diastolic
or systolic pressure, or mean aortic pressure between
groups. Fig. 3A and 3B show mean LV pressure—vol-
ume (P-V) curves obtained from early- and late-
treatment groups and compared to those of shams.
Early treatment with MP yielded a right-shifted P-V
curve (Fig. 3A) relative to vehicle and DOX treat-
ments (p < 0.001). Pressure-volume slopes for early
treatment (Fig. 3C) yielded significant differences be-
tween DOX and vehicle (p < 0.005) and between
DOX and MP (p < 0.002) at S mmHg. DOX values at
5 mm Hg were comparable to those of shams. No
significant differences were detected between groups at
20 mm Hg. The interactive effect of treatment and
pressure for P-V slopes data was significant
(p = 0.005). Cross comparisons between early vehicle-
and MP-treatment groups at 5 and 20 mm Hg revealed
statistical differences (p < 0.001). Late treatment with
MP yielded a robust rightward shift in P-V curve rel-
ative to DOX treatment (p < 0.001). Analysis of P-V
slopes (Fig. 3D), however, did not yield significant
differences between treatments compared at 5 or
20 mm Hg. No significant interaction between treat-
ment and pressure was detected.

Figure 4 shows mean LV pressure scar strains ob-
tained in early- (Fig. 4A,B) and late- (Fig. 4C,D)
treatment groups. Irrespective of drug used, with early
or late treatment, scar tissue is more compliant in the
Ey, direction (compare E;; strains with E,, strains).
With early treatment, two-way ANOVA revealed sig-
nificant effects of treatment (p < 0.001) on compliance
in the E{; direction. In particular, DOX treatment
resulted in a stiffer scar in the E; direction relative to
vehicle (p = 0.05). Notable differences in £, were also

Table 1 Hemodynamic data of 6 week studies

detected between early DOX- and early MP-treated
groups (p < 0.001). On average, early treatment E,,
strains were small for all groups indicating a stiff scar in
the longitudinal direction (Fig. 4B). Although late
treatment did not yield significant increases in Eq;
strains, a trend was evident with MP treatment sug-
gesting that MP increases scar compliance (Fig. 4C).
With late MP treatment, mean FE;; values exceeded
those observed for uninfarcted tissue (i.e., shams). As
observed with the early treatment groups, irrespective
of treatment, all E,, strains were small (i.e., stiff) with
late treatments. No interaction between treatment and
pressure was detected in any of the analyses. In-plane
shear (E;,) was small and not different between groups
(data not shown).

Upon sacrifice, hearts were excised and histomor-
phometric values assessed. Fig. 2 illustrates represen-
tative cross sections of TTC-stained vehicle, DOX, and
MP late (7 day) treatment hearts. As can be observed,
whereas DOX treated hearts were smaller versus
vehicle, MP treatment tended to yield larger hearts.
These data are summarized in Table 2. On the basis of
scar size, all groups had comparable infarct sizes
ranging from an average of 27-36%. With late DOX
treatment, a significant reduction in HW/BW ratios
versus vehicle- or MP-treated animals was observed. A
significant preservation of infarcted wall thickness was
observed in the early and late DOX versus vehicle
groups. No differences in septal wall thickness or scar
region collagen area fraction were observed between
groups. A significant reduction in LV diameter and
volume was observed in the late treatment DOX ver-
sus MP groups.

Figure 5 illustrates changes observed in MPO
activity for early-treatment groups at 3 days (Fig. 5A)
and 7 days (Fig. 5B) in the septal non-infarcted (LVS)
region and in the infarcted (LVI) wall. The use of
DOX did not lead to decreases in MPO activity at 3 or
7 days after MI. In fact, significant increases were ob-
served at the septum at 3 (Fig. 5A) and 7 days
(Fig. 5B) and in the infarcted wall at 7 days versus

Sham Vehicle MI MP-E MP-L DOX-E DOX-L
Group size 5 10 6 5 5 5
HR (bpm) 329+9 313 + 8 312 £ 20 309 + 15 289 + 7 286 +9
LVSP (mm Hg) 110 + 4 101 +2 101 + 3 103 +3 98 +1 100 £ 2
LVEDP (mm Hg) 5+1 7+1 8+1 61 8+2 7+1
MAP (mmHg) 96 + 4 88 +3 90 + 3 93+3 8 +1 88 +3

MP = methylprednisolone, DOX = doxycycline, E = early, L = late

HR = heart rate, LVSP = left ventricular systolic pressure, LVEDP = left ventricular end diastolic pressure, MAP = mean aortic

pressure
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Fig. 3 A (early treatment) and B (late treatment), average
passive left ventricular (LV) pressure volume (P-V) relations for
sham (n = 7; open circles), vehicle infarcted (n = 5; squares),
doxycycline (DOX) treated infarcted (n = 7; closed circles) and
methylprednisolone (MP) treated (n = 5; triangles) hearts after
6 weeks. (A) Early treatment P-V curves: Two-way ANOVA
followed by Tukey’s test revealed significant differences between
MP and vehicle (p < 0.001) and MP and DOX (p < 0.001). (B)
Late-treatment P-V curves: Two-way ANOVA followed by
Tukey’s test revealed significant differences between MP and
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DOX (p < 0.001). No interactive effect between treatment and
pressure detected for early or late P-V curves. C (early
treatment) and D (late treatment), average + SE slopes of LV
P-V relationships for sham, vehicle, DOX and MP infarcted
hearts at 5 and 20 mm Hg. (C) Early-treatment P-V slopes: *
DOX versus vehicle (p < 0.005); » DOX versus MP (p < 0.002);
# (p < 0.001). Two-way ANOVA of early treatment P-V slopes
revealed an interactive effect between treatment and pressure
(p = 0.005). (D) Late-treatment P-V slopes

Fig. 4 Average two- = q
dimensional circumferential w 045 - W 0.15 - B) B Vehicle
(E11) and longitudinal (E,) £ A) £ ® DOX
LV epicardial strains in the g g A MP
. ) ] ¢y 0.10 4 O Sham
infarcted (scar) area as @ o010 ”n
. . . © o o ]
functions of inflation pressure = ° el
for early- (A and B) or late- E; 0.05 - ° ° » T 1 T o005
(C and D) treatment groups 2 x 1 e © 2 a 8 " 8
L [=)]
at 6 weeks. Two-way ’ g 8 e ° € .00 M ! s & f
ANOVA followed by Tukey’s © 0.00 8 0 20 e S 0 10 20 30
test indicates that early DOX (&) p H Pressure (mmHg)
treatment yields a stiffer scar ressure (mmHg)
in the E;; direction relative to .
vehicle (p = 0.05). E; strains = l.fl‘:" 045 -
for early DOX versus MP Yoois o) = 71 D) @ Vehicle
were statistically different -% A A -% ° Dox
(p < 0.001). No interactive = P = 0.10 4 A WP
: ' o 0.10 (7 e O Sham
effects between treatment ® A o © =
and pressure were detected g o c.> = = £
with early or late treatment 5 005 O m o © ° T 0.051
. y— ] - L] 8 s
algorithms S g ° | i : 1
3
8 0.00 . : : S ooos—8 L4 4
o 0 10 20 30 -l 0 10 20 30
Pressure (mmHg) Pressure (mmHg)
vehicle. Use of MP led to significant decreases in MPO  activity in the late-treatment groups at 3 days

activity versus vehicle in both walls at 3 days and
versus DOX at 7 days. Figure 6 shows changes in MPO
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(Fig. 6A) and 7 days (Fig. 6B). Use of DOX led to a
modest but significant decrease in infarcted wall MPO
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Table 2 Morphometric data of 6 week studies

Sham Vehicle MI MP-E MP-L DOX-E DOX-L
Group size 5 10 6 5 5 5
HW/BW ratio 39+03 47 +0.1 52+04 4803 41+04 41+01%
Scar size % of LV area NA 32+2 36 £2 272 325 28 + 4
IW Thick. (mm) 3601 14 +0.1 1.7 £ 0.1 1.8+03 1.8 +0.2* 2.0 +0.2°
SW Thick. (mm) 29+01 32+01 31+02 32+01 30+£03 32102
CAF (%) 02x02 76 + 1 77 +5 71+3 84 +4 75+1
LV diam. (mm) 46 + 0.5 58+03 6.0 +0.2 6.8 +0.2 6.5+ 04 51+05°
LV Volume (mm?) 60 + 22 112 + 18 116 = 12 165 = 12 153 +23 78 + 22°

MP = methylprednisolone, DOX = doxycycline, E = early, L = late

CAF = collagen area fraction, HW/BW = heart weight/body weight, IW = infarcted wall, SW = septal wall, LV = left ventricle

2 p < 0.05 versus vehicle, ® versus methylprednisolone groups
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Fig. 5 Early treatment myeloperoxidase (MPO) activity ob-
served in septal and infarcted LV tissue 3 (A) or 7 days (B) after
coronary occlusion in either untreated, MP or DOX-treated MI
rats. MPO activity was assessed using a chromogenic substrate.
MPO activity from sham animals not detectable under assay
conditions. *Significant differences versus corresponding vehicle
(p < 0.01). *Significant differences between corresponding MP
and DOX groups (p < 0.001)

activity at 3 days versus vehicle (Fig. 6A). MP led to
significant decreases in MPO activity in the infarcted
walls at 3 days (versus vehicle or DOX) and at 7 days
(versus DOX). At 7 days, MPO activity was compa-
rable in DOX treated versus vehicle hearts (Fig. 6B).
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Fig. 6 Late treatment myeloperoxidase (MPO) activity ob-
served in septal and infarcted LV tissue 3 (A) or 7 days (B)
after coronary occlusion in either untreated, MP or DOX-
treated MI rats. MPO activity was assessed using a chromogenic
substrate. MPO activities from sham animals not detectable
under assay conditions. *Significant differences versus corre-
sponding vehicle (p < 0.05). *Significant differences between
corresponding MP and DOX groups (p < 0.01)

Table 3 shows MMP activity corresponding to early
and late treatments at 3 and 7 days post-MI in the
septum and infarcted LV wall. On average, in vehicle
treated animals, MMP activity in the infarcted LV wall
is higher than that observed in the LV septum at 3 and
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Table 3 Matrix metalloproteinase (MMP) activity of 3 and 7 day myocardial samples

3 days post-MI

7 days post-MI

LVS LVI LVS LVI
Vehicle 78 + 11 192 + 21 76 + 11 167 + 27
MP-E 154 + 212 165 + 22 176 + 142° 209 + 13 2
MP-L 132 + 46 193 + 75 178 + 12%° 220 + 9¢
DOX-E 79 + 9 150 + 18° 102 + 12 135 + 10
DOX-L 85 + %10 116 + 33 127 + 72 211 + 35°

Vehicle: n =11. DOX-E and DOX-L: n=5. MP-E and MP-L 3 day group: n = 6. MP-E and MP-L 7 day group: n = 5.

MP = methylprednisolone, DOX = doxycycline, E = early, L = late

Data are reported as relative fluorescence units/min

2 p < 0.05 versus vehicle, ® p < 0.05 versus DOX, € p < 0.05 septum versus infarct. No differences were noted between early versus late

groups

7 days post-MI. The overall increase in MMP activity
at the infarcted LV wall versus the septum reflects
changes known to occur post-MI at the site of injury.
MMP activity with MP early treatment, revealed sig-
nificant increases versus vehicle at 3 and 7 days at the
septum and at 7 days in the infarcted wall. Significant
increases with late MP treatment were noted at the
septum 7 days after MI. With the exception of DOX-
treated septal tissue taken 7 days post-MI, which
showed higher MMP activity than the corresponding
vehicle-treated septal tissue, early or late DOX MMP
activities in the infarct and septal regions were com-
parable to vehicle. In addition, significant differences
in MP versus DOX were observed in the septum 7 days
post-MI. With same drug treatments, no significant
differences were detected between early and late
groups.

Discussion

The major objectives of this study were to examine the
effects of early and late DOX and MP treatment on
post-MI global LV and scar region structure/function,
as well as inflammation and MMP activity. Results
indicate that late MP treatment induces a right shift in
the LV pressure-volume curve accompanied by in-
creased scar strains. Suppression of inflammation and
enhancement of MMP activity accompanied these
observations. These results contrast with those of
DOX, in particular, late treatment where improved
outcomes are observed in LV structure. Furthermore,
this study makes the unique observation that DOX, a
drug with known pleiotropic properties, failed to sup-
press inflammation in this model.

Left ventricular function and scar biomechanics
were assessed at six weeks, a point beyond the normal
time required for post-MI wound healing and scar
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maturation in the rat heart [30]. Hemodynamics mea-
surements were used to identify possible changes in
contractile function. Results in Table 1 indicate that
irrespective of the timing of treatment, no significant
differences in LV contractile function were noted
versus vehicle. DOX hemodynamics results are com-
parable to data obtained in a previous report where
animals were pre-treated with DOX [28]. Hemody-
namics results derived from all groups were not unex-
pected given the moderate MI size obtained in all
groups (~30%). Nonetheless, results observed in pres-
sure-volume and pressure-strain curves suggest that
further evolution of late MP treated hearts could
eventually translate into loss of contractile function.
Pressure-volume curves derived for all post-MI
groups, irrespective of treatment, yielded a right shift
in P-V curve versus shams. Early MP yielded modest
right-shifted P-V curves relative to vehicle and DOX
treatments. Interestingly, with early DOX treatment,
the average P-V curve slope at 5 mm Hg was compa-
rable to that of shams, implying that DOX-treatment
preserves passive structure/function post-MI. Thus,
early, short-term treatment of post-MI rats with MP
leads to modest changes in global passive LV function.
By contrast, late MP treatment resulted in more
extensive right-shifted P-V curves. These data are
indicative of worsened post-MI LV remodeling with
MP treatment and agree with previously published
results on MP dosing in rats [7]. Late DOX treatment
did not yield significant changes in global LV passive
function relative to vehicle treatment, but did improve
outcome relative to MP treatment. These results con-
trast with our previous findings derived from the use of
DOX pre-treatment given 48 h pre- to 72 h post-MI
[28], where significant leftward shifts were observed in
P-V curves relative to vehicle treatment, indicating
improved outcome. Taken together, these results imply
that continuous use of DOX for the first 7 days post-
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MI may yield improved outcome at the level of global
LV structure/function. This conjecture is worthy of
future investigation.

Assessments of scar region mechanics indicate that
only late MP treatment adversely compromised local
mechanics. Late MP treatment yielded increased cir-
cumferential strains with increasing pressure (Fig. 4C).
These results suggest that this treatment regimen (i.e.,
late MP) compromises scar material properties via
enhancement of local compliance, thus promoting scar
expansion. Indeed, Vivaldi et al. reported that use of
MP in rats resulted in reduction of mature collagen
crosslinks 4 weeks post-MI, which resulted in changes
in the material properties of the scar [33]. Pressure—
volume and scar-area strain results derived from late
MP treatment are in apparent agreement with experi-
ments performed in small and large animal models and
observations in patients where use of steroid treatment
yielded adverse outcomes [1, 4, 5, 7, 8]. In a study re-
ported by Hammermann et al., it was demonstrated in
dogs that the use of high doses [4 injections @ 50 mg/
kg) of MP administered from 15 min-48 h post-MI
yielded marked scar thinning associated with the loss
of regional function [34]. Interestingly, similar obser-
vations regarding the induction of post-MI scar thin-
ning or loss of function were reported with the use of
ibuprofen, indomethacin, or more recently with aspirin
[6, 35-37]. In a study performed in MI rats it was also
suggested that development of infarct expansion in
MP-treated animals may be secondary to slippage of
myocytes [7]. In spite of a number of reports indicating
the apparent positive outcome secondary to the use of
glucocorticoids [8-12], our results coupled with those
from the publications noted above clearly suggest the
use of steroids is undesirable following MI. Interest-
ingly, on average, early, and late DOX treatment re-
sulted in trends suggestive of stiffer scars in the Eq;
direction.

Heart remodeling was also assessed via measure-
ments of LV histomorphometry. MP-treated hearts
tended to yield the largest LV volumes (Table 2). This
contrasts with late DOX treatment, which yielded
preservation of infarcted LV wall thickness and less-
ened the development of compensatory hypertrophy
and chamber enlargement. It has been reported that
tetracyclines have the capacity to concentrate at the
site of tissue injury including, infarction [38-40]. This
unusual feature may allow DOX to achieve local high
concentrations at the site of injury that would tend to
enhance its therapeutic efficacy. Of interest is the fact
that scar-area collagen content was apparently not
different between the vehicle, MP or DOX groups. As
noted above, the increase in local scar mechanics as

observed in the late MP group may be associated with
changes in the biochemical composition of collagens
and/or changes in noncollagenous constituents of the
myocardial extracellular matrix.

MPO is abundantly expressed in neutrophils, and as
a consequence, it has been used extensively as a mar-
ker of inflammation post-MI [41]. However, MPO is
also expressed (albeit in lesser amounts) in macro-
phages and thus, tissue levels of MPO may also reflect
chronic inflammation [42]. We utilized MPO activities
at 3 and 7 days post-MI as indicators of late acute
(3 days) and early chronic (7 days) phases of inflam-
mation [30]. Results indicate that early MP treatment
yields significant suppression of MPO activity versus
vehicle at 3 days. The ability of an early single dose of
MP to suppress inflammation 3 days after MI agrees
with known pharmacologic properties of the drug in
exerting prolonged effects [43]. Late MP treatment
also yielded suppression of MPO activity at 3 and
7 days, in accordance with the repetitive dosing treat-
ment used. Given that suppression of inflammation is
observed at 3 days with early MP treatment, it is rea-
sonable to infer that late treatment effects may be
extended beyond the 7 day time point. As noted
above, it has been proposed that suppression of
inflammation may facilitate development of adverse
ventricular remodeling and infarct expansion. Our
early and late MP treatment results support this view.
In fact, early MP treatment animals were the only
group that revealed a trend (p = 0.09) towards greater
post-operative mortality.

DOX has been reported to attenuate inflammation
[17]. The mechanisms that relate to this effect have
been linked to inhibition of human lymphocytic pro-
liferation, phospholipase A2 activity, and decreases in
nitric oxide synthetase levels. However, no direct evi-
dence for anti-inflammatory actions of DOX has been
reported and our MPO results agree with this. Given
that DOX has been reported to possess anti-inflam-
matory properties, we investigated its capacity to
modulate post-MI inflammation and compared its ef-
fects to those of MP. Overall, early and late DOX did
not yield significant suppression of MPO activity. In
fact, at some time points with early DOX treatment,
MPO levels increased, albeit modestly. Our results are
in agreement with those previously reported where use
of DOX in animal models of abdominal aortic aneu-
rysms limited further development of the aneurysm,
but did not reduce local inflammation [44]. Thus, MPO
activity results demonstrate a clear distinction between
post-MI effects that can be derived from the use of
known potent anti-inflammatory agents such as gluco-
corticoids and DOX treatment. In this case, it can be
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argued that DOX should not be categorized with this
general class of agents as it does not suppress inflam-
mation in this model.

Global assessment of MMP activity was performed
with the use of a broad-spectrum MMP substrate. Early
MP treatment increased MMP activity in the septum
and infarct region in 7 days tissue samples, but these
effects did not translate into major changes in LV
structure/function at 6 weeks (Fig. 3A). Hearts exposed
to late MP treatment showed significant enhancement
of septal MMP activity at 7 days, and as noted above,
resulted in the development of adverse changes in glo-
bal and scar LV structure/function (Fig. 3C). At 3 days,
use of early or late DOX did not yield suppression of
MMP activity in the septum relative to vehicle, but on
average appeared to diminish it modestly in the infarct
zone [28]. Early or late DOX at 7 days yielded values
comparable to vehicle. Early DOX treatment failed to
demonstrate significant suppression of MMP activity.
This result may be due to the rather short-term treat-
ment provided with the compound.

In conclusion, results derived from this study indi-
cate that MP is an effective suppressor of post-MI
inflammation, which yields adverse changes in LV
structure/function. By contrast, DOX treatment does
not suppress inflammation and is effective in amelio-
rating adverse post-MI ventricular remodeling. Given
the proven and wide safety profile of tetracyclines,
further investigation of DOX as a pharmacological
therapy for pathological post-MI remodeling should be
considered.
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