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Inflammation may play a role in the etiology of both
degenerative and rheumatic cardiac valve diseases.
We report here that mice deficient in tristetraprolin
(TTP), a protein with known anti-inflammatory func-
tions, develop severe left-sided cardiac valvulitis. TTP
is an mRNA binding protein that inhibits inflammation
by destabilizing the mRNA encoding tumor necrosis
factor � (TNF). This leads in turn to a TNF-excess syn-
drome characterized by systemic inflammation. Evalu-
ation of hearts from TTP�/� mice demonstrated gross
thickening of the mitral and aortic but not the tricuspid
or pulmonary valves, accompanied by inflammatory
cell infiltrates. To determine whether TNF played a role
in the development of this valvulitis, we examined mice
deficient in both TNF receptors and in TTP; four of five
of these mice exhibited no histological evidence of val-
vulitis, but one mouse had aortic valve leaflet thicken-
ing with a cellular infiltrate. Four additional mice had
no external evidence of valvular thickening. Cardiac
valves of transgenic mice expressing human TNF devel-
oped mild aortic valve leaflet edema without evidence of
hypercellularity. Thus, TTP deficiency in mice leads to
left-sided cardiac valvulitis with prominent inflamma-
tory cell involvement, due, at least in part, to excess
TNF. These findings support the potential involvement
of TNF and inflammation in the development of cardiac
valve disease in man. (Am J Pathol 2010, 176:000–000;
DOI: 10.2353/ajpath.2010.090498)

Valvular heart disease (VHD) remains a significant public
health concern, with both infectious and noninfectious
etiologies. Although the incidence of rheumatic valve
disease has declined in developed countries, degener-
ative VHD remains common in adults over 65 years of
age in United States and Europe.1 Valve replacement
can improve the hemodynamic defects, but at the cost of
significant perioperative morbidity and mortality, as well
as often requiring long-term anticoagulant treatment. Bet-
ter knowledge of the etiological mechanisms of non-rheu-
matic VHD could lead to novel prevention strategies.

Although many forms of VHD have been considered
passive degenerative processes, recent studies have
suggested the involvement of inflammation in their etiol-
ogy.2,3 For example, non-rheumatic aortic valve stenosis
can be accompanied by inflammatory cell infiltrates, and
elevated levels of apolipoproteins B and A4 and comple-
ment factors.5 Studies of aortic valve calcification have
suggested that early valvular lesions are not simply the
consequence of aging, but rather result from active cellular
processes that follow the classical response to injury.6 Aor-
tic stenosis has been proposed as a surrogate marker for
systemic inflammation,7,8 although other studies have not
found such a link.9 Another study reported that increases
in an index of systemic inflammation were associated
with increased risk of having one or more calcified valves,
but the odds ratios were not significant after adjustment
for cardiovascular risk factors.10 Thus, an unequivocal
link between non-rheumatic VHD and systemic inflamma-
tion has not yet been established.11
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We have previously described a systemic inflamma-
tory state in mice deficient in tristetraprolin (TTP), a CCCH
tandem zinc finger protein.12 TTP binds to AU-rich ele-
ments within the 3�-untranslated region of mRNAs, in-
cluding that encoding the pro-inflammatory cytokine tu-
mor necrosis factor � (TNF). Binding of TTP to its target
transcript leads to deadenylation and decay of the
mRNA.13 Conversely, in the absence of TTP, there is a
marked increase in the stability of the TNF mRNA, and
increased secretion of this cytokine from macrophages
and other cells.12 This inflammatory phenotype was
largely prevented in young TTP�/� mice injected repeat-
edly with anti-TNF antibodies, and mice deficient in both
types of TNF receptors, as well as TTP.14,15 Thus, ele-
vated systemic levels of TNF were implicated in the
pathogenesis of virtually all aspects of the TTP-deficiency
syndrome. Although TNF appears to be the major con-
tributor to the phenotype of the TTP deficiency syndrome,
other apparently physiological targets of TTP have been
described, eg, granulocyte macrophage�colony stimu-
lated factor,16 interleukin 1�,17 interleukin 10,18 immedi-
ate early response gene 3,19 CXCl1,20 and others, and
these may well contribute to some aspects of the TTP
deficiency phenotype.

Here we present evidence that inflammatory left-sided
cardiac valvulitis is a component of the TTP-deficiency
syndrome. The valves and adjoining tissue from TTP-
deficient mice are markedly thickened, with prominent
granulocyte and macrophage cell infiltration, increased
collagen synthesis, and neovascularization, resulting in
presumed valvular dysfunction and potential cardiac
overload. Evaluation of TTP-deficient mice also lacking
both TNF receptors strongly implicates elevated TNF as a
contributing factor to this valvulitis. These data suggest
that TNF, as well as its regulatory protein TTP, may play
roles in the pathogenesis of some types of VHD in man.

Materials and Methods

Mice

All animal procedures were approved by the NIEHS An-
imal Care and Use Committee. Male B6.Cg(SJL)-Tg(TNF)
(Taconic, model 001006-T-M)21 mice were purchased
from Taconic Laboratories (Germantown, NY). TTP-defi-
cient mice12 had been backcrossed for 17 to 19 gener-
ations into the C57Bl/6 strain, or 9 to 10 generations into
the 129SvS6 strain, at the time of the study. TTP/TNFRI/
TNFRII triple knockout (3KO) mice were generated as
described.14 Mice were routinely monitored for loss of
body weight, arthritis and dermatitis. Their bone mineral
density and body fat composition were measured using
the Piximus Densitometer 2.0 (Lunar Corporation, Madi-
son, WI) while anesthetized by 1 to 2% isofluorane/oxy-
gen (Baxter Healthcare Corporation, Deerfield, IL).

Histology

Seventeen pairs of matched littermate wild-type and
TTP�/� mice were used for cardiac histology studies,

which included thirteen 129SvS6 pairs (six male pairs
and seven female pairs), and four C57Bl/6 pairs (two
male pairs and two female pairs). Mice were euthanized
with CO2, and the hearts were fixed by immersion in 10%
neutral buffered formalin overnight at 4°C. The hearts
were then embedded in paraffin and sectioned, or em-
bedded in optimal cutting temperature compound (Tis-
sue Tek, Sakura Finetek U.S.A. Inc., Torrence, CA) and
frozen. Sections of interest were stained with H&E, Alcian
Blue�Periodic Acid Schiff’s Reagent (pH 2.5), Masson’s
Trichrome, Verhoeff-Van Gieson Elastic stain, or Von Ko-
ssa stain using standard techniques, or immunostained
as described below.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were incu-
bated with antibodies against Ki-67 (TEC3) (Dako Corpo-
ration, Carpinteria, CA), F4/80 (Caltag Laboratories, Bur-
lingame, CA), and Ly6G (BD Biosciences, San Jose, CA),
using standardized immunohistochemistry procedures,
with suitable positive control tissue for each case, with
normal rat serum (Jackson Immunoresearch Laborato-
ries, PA) as a negative control. Neutrophil differentiation
antigen (clone 7/4),22 microsialin (FA-11),23 type 3 com-
plement receptor (clone 5C6),24 mannose receptor,25

macrophage receptor with collagenous structure, MARCO
(ED31),26 sialoadhesin (SER-4),27 T cell marker (CD3),
and activated B cell marker (CD45R-B220), were de-
tected using frozen sections that were fixed with acetone,
as described earlier.24 Von Willebrand factor was de-
tected on formalin-fixed, paraffin-embedded sections us-
ing the Rabbit Elite kit (Vector Laboratories, Burlingame,
CA). In general, endogenous peroxidase was quenched
and slides were rinsed in Automation buffer (Government
Scientific Source, Reston, VA), blocked with 5% (v/v)
normal rabbit serum (Vector Laboratories, Burlingame,
CA), or normal goat serum (Jackson Immunoresearch
Laboratories) for 20 minutes at room temperature, and
then with Avidin/Biotin blocking agent (Avidin/Biotin
Blocking kit, Vector Laboratories) for 15 minutes at room
temperature. After incubation with primary antibody for 1
hour, and suitable washing, slides were incubated with
the appropriate biotinylated secondary antibody for 30
minutes, rinsed multiple times with Automation Buffer,
and then incubated with Streptavidin Peroxidase SS label
antibody (Biogenex, San Ramon, CA) for 30 minutes. The
final development was done using Dako DAB Chroma-
gen for 6 minutes in the dark.

Echocardiography

Echocardiographic studies were performed using the Vi-
sualsonics Vevo 660 V1.3.8 B41 High-Resolution Imaging
System (Visualsonics, Canada). Transthoracic two-di-
mensional M-mode and Doppler echocardiography was
performed using a 35 MHz Doppler transducer (Visual-
sonics model RMV707) on 13 pairs of wild-type and
TTP�/� animals under light anesthesia as described
above, with the animals supine on a temperature-con-
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trolled printed circuit platform. Recordings were made
after at least seven minutes of anesthesia, with heart rates
between 330 and 480 beats per minute. Two-dimensional
paraxial short axis views of the left ventricle at the level of
the papillary muscles were obtained for internal dimen-
sions at end-diastole and end-systole, and off-line mea-
surements from M-mode recordings were performed in at
least three cardiac cycles per animal. Doppler measure-
ments of the left ventricle were made at five different
points within the chamber per animal, and left ventricular
contraction time, relaxation time, and ejection time were
measured. Offline measurements of percent left ventric-
ular fractional shortening and left ventricular ejection frac-
tion were also performed.

Dissection of Valves and RNA Isolation

Ventricular tissue was finely diced and immediately col-
lected into RNA Later Buffer (Ambion). RNA was ex-
tracted using the Qiagen RNeasy Miniprep Kit (Qiagen,
Santa Clarita, CA). Laser capture microdissection was
performed as follows: fresh-frozen hearts were cut into
8-�m coronal sections and collected onto polyethylene
terephthalate foil slides (MMI CellCut, Glattbrugg, Swit-
zerland) (MMI). Valves were dissected using a solid state
cutting laser beam (UV 355 nm at 72% to 77% power)
and collected directly onto adhesive caps of tubes (MMI)
for RNA isolation using the Picopure RNA isolation kit
(Molecular Devices, Sunnyvale CA).

Real Time PCR

DNA was digested from the RNA samples following the
manufacturer’s instructions (Applied Biosystems [ABI],
Foster City, CA), and then RNA was converted into cDNA
using the High Capacity cDNA Archive kit (ABI). 10 ng of
the resulting cDNA was used per reaction for TaqMan
real time PCR in the ABI Prism, 7900HT Sequence De-
tector System (ABI). Pre-designed primer-probe sets for
TNF, TTP, and glyceraldehyde-3-phosphate dehydroge-
nase transcripts were purchased from ABI. Results for
the TNF and TTP transcripts were normalized to those of
GAPDH transcripts.

Statistical Analysis

Differences between the data sets were analyzed for
statistical significance using one or two-tailed Student’s
t-test. P values of less than or equal to 0.05 were consid-
ered significant.

Results

TTP Deficiency Is Associated with Left-Sided
Cardiac Valvulitis in Mice

TTP�/� (KO) mice exhibit joint swelling and weight loss,
generally beginning at 6 to 12 weeks of age. We evalu-
ated these mice for a potential cardiac phenotype at

various ages, with age-matched littermate wild-type mice
as controls.

All TTP KO mice evaluated exhibited aortic and left
atrioventricular valvulitis based on histomorphological
analysis (Figure 1, Table 1). This was evident in mice as
young as 7 weeks, and showed no significant gender
bias (Table 1). The basic pattern of valvulitis was essen-
tially similar in both 129SvS6 and B6 strains of mice. In
five TTP KO mice evaluated at an average of 23 weeks of
age, the gross morphology of the mitral and aortic valves
was markedly altered compared with valves from age-
matched controls (Figure 1, A�D). The leaflets from the
mitral and aortic valves were markedly fibrotic and
grossly thickened to approximately 10 to 20 times normal
in all of the KO mice examined, and there was obvious
whitish discoloration of the leaflets (Figure 1, A�D). The
valve leaflets in the KO mice were often fused to the
underlying endocardium and to each other. In contrast,
external examination of mitral and aortic valves from four
TTP/TNFR1/TNFR2 “triple KO” mice at 24 to 25 weeks of
age (see below) revealed normal valve morphology in
every case (data not shown). In all of the TTP KO mice
evaluated, the right atrioventricular and pulmonary valves
appeared normal, both by external morphology (not

Figure 1. Valvulitis in TTP�/� mice. A–D: Gross examination of the aortic
and mitral valves from wild-type (WT) control and TTP KO hearts. A, C:
Normal appearing mitral (A) and aortic (C) valves in wild-type controls. Note
the thin and translucent nature of the two mitral valve leaflets (A, arrows,
20X) and the three cusps of the aortic valve (C, arrowheads, �20). B, D:
Abnormal mitral and aortic valves in TTP KO mice. There is marked thick-
ening and fibrosis of the mitral valve (B, arrows, �20) causing malformation
and partial fusion to the underlying endocardium. The aortic valve is mark-
edly thickened, irregular, and fibrotic (D, arrowheads, �20), with cusp
fusion to the adjacent endocardial surface (arrow). E and F: Coronal sections
of wild-type and TTP KO hearts stained with H&E. The left panel is a section
through a wild-type heart showing normal valves. The right panel is a
section through a TTP KO heart, showing thickening and cellular infiltration
at and around the aortic valve (AoV) and the left atrioventricular valve (LAV),
but an apparently normal right atrioventricular valve (RAV). LA, left atrium;
LV, left ventricle; Ao, aorta.
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shown) and histologically (Figure 1, E and F). A few of the
TTP KO mice also had minimal multifocal myocardial
lesions characterized by mononuclear infiltrates (data not
shown), while none of the wild-type counterparts showed
either of the above features.

Histomorphological Characterization of the
Cardiac Valves in TTP KO Mice

We used specific histological staining to determine
whether the inflamed valves were characterized by myx-
omatous thickening, calcification, or cellular infiltration.
Alcian Blue-PAS staining of the tissue demonstrated ele-
vated levels of hyaluronic acid and acidic mucopolysac-
charides in the thickened left atrioventricular and aortic
valve leaflets and the bases of these valves in the TTP KO
mice, indicating the presence of chronic inflammation
(Figure 2A). There was also increased staining of mature
collagen in the TTP KO valves (Figure 2B). Von Kossa
staining revealed no evidence of mineralization in these
valves (data not shown). Interestingly, the thickened
valves also exhibited evidence for neovascularization, as
demonstrated by immunostaining for Von Willebrandt
factor, indicating the involvement of an endothelial acti-
vation signal (Figure 2C). Elastin staining demonstrated
disrupted and disorganized elastic fibers at the bases of
the valves (Figure 2D), which indicate possible functional
impairment of the valves due to inflammation.

H&E staining revealed marked mononuclear infiltration
in the valves (Figure 3B, upper panel). Many of these
cells were actively dividing, as indicated by the expres-
sion of the proliferation marker Ki-67 (Figure 3A, upper
panel). The infiltrating cells were immunoreactive for the
CD45 cell surface marker (Figure 3A, lower panel), indi-
cating their leukocytic nature; normal valves rarely con-

tain leukocytes11 (Figure 3A). Frozen sections of aortic
valves were analyzed for specific cell surface markers.
Monoclonal antibody clone 7/422 was used to detect
neutrophil differentiation antigen (Figure 3B), and dem-
onstrated robust positive immunostaining for neutrophils
in the TTP KO valves. Similar results were found with a
monoclonal antibody to Ly6G, a neutrophil surface anti-
gen (data not shown). Monocytes/macrophages, de-
tected via staining for microsialin23,28 using the monoclo-
nal antibody clone FA11 (Figure 3B), were also highly
represented in the knockout but not control valves. Mono-
clonal antibody clone 5C6, directed at the type 3 com-
plement receptor,24 stains for neutrophils, monocytes,
and macrophages infiltrating tissue in response to an
inflammatory stimulus; the data shown in Figure 3B dem-
onstrate high levels of positive staining for this marker in
the KO valves. We also observed robust staining using
antibodies directed at the macrophage antigen F4/80
and the mannose receptor,25 but not the lectin-like SER-4
antigen,27 which is expressed on resting bone marrow
macrophages (data not shown). Likewise, the macro-
phages were not immunoreactive to the macrophage
scavenger receptor MARCO (data not shown), whose
expression is elevated on the surface of bone marrow,
spleen and lung macrophage on microbial challenge.26

The wild-type valve tissues were nonreactive to all of the
above-mentioned antibodies, indicating the essential ab-
sence of these immune cells. Finally, we did not detect
either T lymphocytes (using an antibody to CD3) or acti-
vated B lymphocytes (using an antibody to B220) in
either the wild-type or TTP KO valves (data not shown).

Transthoracic echocardiographic examination of TTP
KO mice at an average age of 24 weeks demonstrated
significant left ventricular enlargement at end-systolic
and end-diastolic phases (Figure 4; Table 1), compatible

Table 1. Physical and Echocardiographic Data from Wild-Type and TTP�/� Mice

Female Male

Wild-type
(n � 7)

TTP�/�

(n � 7)
Wild-type
(n � 6)

TTP�/�

n � 6)

Gross morphometry
Body weight (g) 31 � 2.8 18.23 � 3.11*** 27.21 � 3 17.88 � 1.89***
Bone density (g/cm2) 0.0567 � 0.03 0.043 � 0.007*** 0.053 � 0.006 0.043 � 0.003***
Body fat (%) 25.24 � 0.99 15.16 � 0.076*** 31.95 � 3.11 15.15 � 0.871***

Microscopic valve thickness measurements#

LAV thickness (�) 27.33 � 1.44 119.33 � 6.94* 32.66 � 3.2 106.66 � 4.47*
AoV thickness (�) 28.5 � 1.02 148 � 9.71* 31 � 1.93 155 � 7.7*

Echocardiographic measurements
Average heart rate (bpm) 370.67 396.44 365.2 346.42
LVIDd (mm) 3.64 � 0.108 4.25 � 0.2** 3.71 � 0.42 4.46 � 0.24**
LVIDs (mm) 2.56 � 0.138 2.96 � 0.6** 2.74 � 0.08 3.39 � 0.47**
LVCT (msec) 19 � 2.06 24 � 5.5 22 � 3.54 20.25 � 1.06
LVRT (msec) 22 � 1.57 29 � 1.76 25 � 3.91 30.04 � 4.74
LVET (msec) 55 � 2.52 69.6 � 3.04 58.78 � 3.32 53.14 � 6.13
LV %EF 56.95 � 3.13 58.77 � 2.57 51.29 � 3.83 48.03 � 1.64
LV %FS 30.3 � 1.99 32.65 � 2.87 30.34 � 2.64 26.5 � 1.04

The data shown are from 13 (6 male, 7 female) 129SvS6 TTP�/� mice and an equivalent number of sex-matched littermate wild-type mice, unless
stated otherwise. The mean age of these mice was 24.4 � 1.2 weeks (�SEM); n � 3 per group for these measurements.

*P � 0.05; **P � 0.01; ***P � 0.001, as determined by Student’s two tailed t-test.
#LAV, left atrioventricular valve; AoV, aortic valve; LVIDd, left ventricular internal diastolic diameter; LVIDs, left ventricular internal systolic diameter;

LVCT, left ventricular contraction time; LVRT, left ventricular relaxation time; LVET, left ventricular ejection time; EF, left ventricular ejection fraction; FS,
fractional shortening.
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with left ventricular overload. However, the left ventricular
fractional shortening and ejection fraction percentages
were not significantly different between the TTP KO and
control groups. Left atrial enlargement was also observed

in the TTP KO mice (data not shown). These results
suggested possible functional impairment of the left atrio-
ventricular and aortic valves in the TTP�/� mice.

Role of TNF in the Valve Disease Pathogenesis

The pathological changes observed in the TTP KO valves,
including increased mature collagen and inflammation,
suggested the possibility that chronically elevated local TNF
levels could be associated with the pathogenesis of this
aspect of the TTP KO phenotype. TNF mRNA levels were

Figure 2. Histomorphometric characterization of wild-type (WT) and
TTP�/� valves. Coronal sections of hearts from representative age and
gender-matched wild-type and TTP-KO mice were stained with the following
histological stains: (A) Alcian Blue-PAS (pH 2.5), which stains hyaluronic acid
and sialomucins blue and polysaccharides and neutral mucosubstances ma-
genta to red. The arrows point to the increased blue stained area in the
TTP�/� sections (right) compared with the wild-type (left), indicating an
increase in acidic mycosubstances in the tissue, generally thought to be due
to inflammation; (B) Masson’s Trichrome, which stains cytoplasm, keratin,
muscle fibers and intracellular fibers red, nuclei black and collagen blue. The
TTP�/� valve (right) shows increased positive staining for collagen; (C)
immunohistochemical staining for Von Willebrandt Factor, which detects
endothelial lining (brown). The hollow arrows point toward neovascular-
ization at the base of the aortic valve in the TTP�/� sections (right), which
is lacking in the wild-type sections (left). D: Verhoeff-Van Gieson stain for
elastic fibers. Under these staining conditions, elastic fibers are stained dark
brown, and collagen bundles pink. Disruption of the elastin fibers is present
in the TTP-KO valves shown by the hollow arrows (right), while these
fibers are intact in wild-type valves, with the corresponding area indicated by
the hollow arrow (left). Solid arrows indicate aortic valve leaflets.

Figure 3. Immunohistochemical staining of TTP-KO valves. A: Upper panel:
Sections of mitral valves from wild-type (WT) and TTP-KO animals were stained
for the proliferation marker Ki-67. The arrows point to the proliferating cells.
Lower panel: Sections from left atrioventricular valve leaflets were stained for
CD45, a pan-leukocyte marker. NRS, normal rat serum used in place of the
primary antibody as negative control for immunostaining. Scale bars � 100 �m.
B: Frozen sections of aortic valves were analyzed for specific cell surface
markers, as indicated to the side of each panel. The uppermost panel shows
H&E staining of neighboring sections. Monoclonal antibody clone 7/4 was used
to identify neutrophil differentiation antigen; clone FA-11 stained for microsialin,
expressed on the surface of macrophages; and antibody 5C6 stained for the type
3 complement receptor, characteristic of granulocytes, monocytes, and tissue
infiltrating macrophages. Scale bar � 100 �m.
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increased three-fold in the left ventricular tissue from the
TTP KO mice, as compared with the right ventricles, while
the differences between the two compartments in the wild-
type mice were insignificant (Table 2). Also, there was a
sixfold increase in TNF mRNA levels in affected TTP KO
valve leaflets compared with their wild-type counterparts
(Table 2). Since these measurements were of TNF mRNA
rather than protein, they suggest that the excess TNF in the
TTP KO hearts was locally produced, presumably by infil-
trating leukocytes.

Cardiac Phenotype of TTP/TNFRI/TNFRII
(“Triple KO”) Mice

To further understand the role of TNF in the valve pathol-
ogy, we examined the valves of mice that lacked TTP and
both TNF receptors (“triple KO mice”).14 These animals
appear essentially normal when young but can develop
bone marrow myeloid hyperplasia late in life.14 The mice
evaluated histologically in this study were between 48
and 50 weeks of age, and exhibited decreased average
body weight, from 38 � 4 g in the age and gender
matched wild-type control mice to 25 � 3 g in the triple
KO mice (data not shown), suggesting that the mice used
in this study had developed the late-onset TTP deficiency
phenotype seen in these triple KO mice after about 20

weeks of age.14 Gross examination of four triple KO mice
at 24 to 25 weeks of age revealed no detectable external
abnormalities in any of the four valves (not shown). His-
tologically, the mitral and right atrioventricular valves ap-
peared normal in all five triple KO mice (data not shown).
Four of the five animals had histologically normal aortic
valves (Figure 5B), marked by absence of valve thicken-
ing, similar to valves from their wild-type controls (Figure
5A), with the exception of occasional small foci of mono-
nuclear cells at the root of the aorta (Figure 5C). However,
one of five triple KO mice exhibited moderate thickening
of the aortic valve that was detectable histologically, ac-
companied by mononuclear cell infiltration. These lesions
were not seen in the control littermate mice.

Cardiac Phenotype in Mice Overexpressing
Transgenic Human TNF

We also examined mice that overexpressed transgenic
human TNF21 to determine whether chronically elevated
systemic TNF was sufficient to cause the left-sided val-
vulitis. It should be noted that the source of the TNF in
these mice is thought be poorly characterized mesenchy-
mal cells, not macrophages, with the lack of macrophage
expression implied by the lack of response of the TNF
transgene to lipopolysaccharide.17–20,29 In the present
study, these mice (n � 4) were between 19 and 21 weeks
of age at the time of evaluation, and were beginning to
exhibit joint swelling. At this point they did not exhibit loss
of body weight or body fat, characteristic of the TNF
excess cachectic phenotype (data not shown). Mitral and
tricuspid valves appeared histologically normal in each
mouse of this group (data not shown). Sections from the
aortic valves revealed mild edema and myxomatous
thickening of the valve leaflets (Figure 6, A and B), sug-
gesting that the systemic TNF excess could lead to these
processes. However, there was no evidence of mononu-
clear cell infiltration in the transgenic mouse valves, in strik-
ing contrast to the TTP-deficient mice. These data suggest
that systemic TNF overexpression may be one contributing
factor leading to left-sided cardiac valvulopathy, but may
not be solely responsible for the entire pathological spec-
trum found in the valves from the TTP KO mice.

Discussion

The major finding of this study is that TTP deficiency is
associated with left-sided cardiac valvular inflammation.
The inflammation was characterized by gross thickening

Figure 4. Ultrasonographic images of wild-type (WT) and TTP�/� hearts.
M-mode recordings were made of the paraxial short axis at the level of
papillary muscles, showing the end-diastolic and end-systolic dimensions.
Detectable enlargement of the left ventricular compartment is evident in the
TTP�/� mouse (male, aged 26 weeks) compared with the age-and gender-
matched wild-type control. HR, heart rate; LVIDd, left ventricular diastolic
internal diameter; LVIDs, left ventricular systolic internal diameter.

Table 2. TNF mRNA Levels in Wild-Type and TTP-KO Mouse Hearts

Right ventricle Left ventricle Right AV valves Left AV and Ao valves

Wild-type 0.81 � 0.10 1.01 � 0.89 0.97 � 0.10 1.07 � 0.10
TTP�/� 0.85 � 0.12 2.91 � 0.48 0.99 � 0.33 6.12 � 1.16*

Total cellular RNA was extracted from excised ventricular tissue or from tissue isolated from cardiac valves using laser capture microdissection. It
was reverse transcribed, and 10 ng of the resulting cDNA was used for real-time PCR detection of TNF mRNA levels. Values were normalized against
GAPDH mRNA levels, and expressed as mean fold change � SEM, relative to the expression level in one right ventricle sample (for the ventricle
comparison) or one right atrioventricular (AV) valve (for the valve comparison), which were set at a value of 1. n � 3 per group.

*P � 0.05 compared with the mean from wild-type controls, using one-tailed Student’s t-test.
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and discoloration of mitral and aortic valve leaflets on
external examination. Histologically, these valves ex-
hibited monocytic and granulocytic cell infiltration, with
apparent absence of lymphocytes, as well as other
sequelae of inflammation such as valve thickening, dis-
ruption of elastic fibers, myxomatosis, collagen deposi-
tion, and neovascularization. The lesion was seen with
TTP deficiency in both the C57Bl/6 and 129SvS6 back-
grounds. These histological findings largely were pre-
vented in four of five mice lacking both types of TNF
receptor in addition to TTP, and the external morpholog-

ical changes were prevented in all four of a separate
group of these “triple KO” mice; however, the presence of
mild valve leaflet thickening and cellular infiltration in one
of these triple KO mice raises the possibility that the
absence of TTP may play a role in valve inflammation that
is independent of its effects on TNF mRNA stability, per-
haps involving one of its other recently identified tran-
script targets.16–20 These data identify a previously un-
reported characteristic of the TTP deficiency syndrome,
one that is severe enough to have led to, or at least
contributed to, the early deaths of mice with this
syndrome.

It is possible that systemic elevation of TNF by itself is
not sufficient to cause valvulitis similar to that seen here,
since mice expressing transgenic human TNF exhibited
only mild thickening of the aortic leaflets, without cellular
infiltration. Systemic levels of TNF may well be different in
these two mouse models, and the cellular sources are
almost certainly different, with transgenic TNF probably
not being secreted by macrophages in this mouse.29

Similarly, macrophages were probably not the source of
the transgenic TNF secretion in a model of cardiac-spe-
cific TNF overproduction,30,31 and no valvular abnormal-
ities were seen in this model (Barry London, personal
communication). Nonetheless, a major role for TNF in the
development of the valvulitis phenotype in the TTP�/�

Figure 5. Valve pathology in a triple KO mouse. Representative H&E stained
sections of atrioventricular valves from (A) a wild-type (WT) control mouse,
and (B) a triple KO mouse. Hollow arrows point to granulocytic clusters in
the heart tissue with a marked absence of inflammatory cells in the valve
leaflet, which is indicated by solid arrow; and (C) a TTP-KO mouse,
showing inflammatory cell infiltrates (hollow arrow) in the valve leaflet
(solid arrow). All three mice described here were 50 weeks old. Scale
bars � 100 �m. Solid arrows indicate left atrioventricular valve leaflets.

Figure 6. Valve pathology in TNF overexpressing transgenic mice. H&E-
stained sections showing an aortic valve of (A), a wild-type (WT) control
mouse with a normal valve, and (B), an age- and gender-matched TNF
transgenic mouse at 21 weeks of age, showing slight myxomatous thickening
and edema of the aortic valve. Scale bar � 500 �m.

Valvulitis in TTP-Deficient Mice 7
AJP March 2010, Vol. 176, No. 3



mice was demonstrated by the marked attenuation of the
valve pathology that was observed in the triple KO mice.
Taken together, our results are compatible with a model
in which macrophage and granulocytic cell infiltration into
the valves is an early event, leading to local TNF secre-
tion by these cells, followed in turn by other conse-
quences of inflammation. This proposed sequence of
events will have to be demonstrated by careful time
course studies, perhaps using an inducible CRE-Lox sys-
tem to remove TTP acutely in the adult mouse, or by
doing an experiment in which repeated injections of an-
tibodies to TNF are suddenly withdrawn, leading to rapid
development of the TTP deficiency phenotype.12

Several other mouse models of TNF overexpression
have been investigated, as noted above, but to our
knowledge cardiac valvular involvement has not been
reported. In addition to the two mouse models mentioned
above, another line of transgenic mice with cardiac-re-
stricted overexpression of TNF developed left ventricular
hypertrophy.32 Cardiac myocyte apoptosis was also de-
scribed in those mice,33 but was not apparent in our
model. Probably the most relevant model is a strain of
mice engineered to lack the AU-rich region (ARE) of the
3� untranslated region of TNF mRNA (TNF�ARE), which
exhibit overexpression of the TNF transcript and protein
from normal cellular sources, and resemble a more se-
vere version of the TTP KO model.34 However, to our
knowledge valve pathology has not been reported in
these mice. In addition to transgenic models, other
mouse models have achieved chronic systemic TNF el-
evations with repeated TNF injections; however, to our
knowledge, these studies did not address heart valve
pathology.35–37 Recently, genetic abrogation of TAX1BP,
a protein that regulates nuclear factor-kappa B activity, a
component of the TNF-induced pathway of inflammation,
led to the age-dependent development of inflammatory
cardiac valvulitis in mice.38 However, this was not limited
to the left-sided valves, nor were the infiltrates predomi-
nantly myeloid, as observed in the TTP KO mice.

An interesting aspect of the TTP KO phenotype is that
it targeted the left cardiac valves while apparently com-
pletely sparing the right-sided valves. The greater hemo-
dynamic load in the left cardiac chambers is a likely
candidate factor for this differential effect, as seen in
other forms of left-sided cardiac valvulitis.11,39,40 One
could postulate that lack of TTP results in abnormally
exaggerated local inflammatory responses to minor in-
sults, which would be greater in the left side of the heart
due to its chronic exposure to markedly higher hemody-
namic pressures. Systemic hypertension could well con-
tribute to this process, but this has not been examined in
the TTP KO mice. Although the functional impairment of
the mitral and aortic valves has not been documented in
detail in this study, it seems very likely, given the extent of
the pathology. We found relative enlargement of both the
left ventricular and atrial chambers, suggesting volume
overload. Nonetheless, we cannot rule out a possible
contribution of elevated levels of TNF in the ventricular
myocardium as contributing to the compromised myocar-
dial function.

Cardiac valve disease has been reported in a number
of human diseases that can be described as “TNF-ex-
cess diseases,” as defined by their responsiveness to
anti-TNF therapies.41–44 These include rheumatoid heart
disease,45,46 Behcet’s disease,47 Crohn’s disease,48 Ka-
wasaki’s disease,49 Wegener’s granulomatosis,50 and
Reiter’s syndrome.51,52 In rheumatoid arthritis, granulo-
matous involvement has been noted in the aortic and
mitral cusps.53 In Reiter’s syndrome, severe giant cell
valvulitis has been reported.52 Some patients with Ka-
wasaki’s disease had severely damaged aortic and
mitral valves with lymphocytic and monocytic infil-
trates.54 In post-Streptococcal rheumatic valve dis-
ease,46,55 myosin cross-reactive T-lymphocytes are
thought to play a significant role in the initiation and
infiltration of the inflammatory valvular lesions. In contrast
to these findings in man, our model exhibited neither T
nor B lymphocyte involvement in the affected valves, nor
granulomas, but rather activated macrophages and neu-
trophils. Thus, the valvular phenotype found in the TTP�/�

mice does not closely resemble those found in human
“TNF excess diseases.” Instead, it is interesting to spec-
ulate that this type of TTP/TNF-dependent left-sided val-
vular inflammation might be a component of the still un-
known process leading to human idiopathic valve
disease, in which inflammation is increasingly thought to
play a pathogenetic role.
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