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The imbalanced expression of matrix
metalloproteinases in nephrogenic systemic fibrosis
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Background: Nephrogenic systemic fibrosis (NSF) occurs in patients with renal dysfunction and
gadolinium exposure. Although little is known about the pathogenesis of this disease, increased expression
of transforming growth factor-8 has been recently demonstrated. Other fibrosing conditions have been
shown to express an imbalance in matrix metalloproteinase (MMP) expression and their corresponding
inhibitors. Myofibroblast differentiation, in which cells often express a-smooth muscle actin and achieve
the ability to contract, is also a hallmark of fibrosis.

Objective: We theorized that NSF may overexpress tissue inhibitor of metalloproteinase-1 (TIMP-1), while
simultaneously showing decreased expression of MMP-1. As a secondary aim, we sought to evaluate the
presence of smooth muscle actin in our samples.

Metbods: We applied immunohistochemistry to 16 skin biopsies from 10 patients with NSF using
antibodies to TIMP-1, MMP-1, MMP-2, MMP-9, and a-smooth muscle actin. Samples from normal skin, scar,
keloid and scleroderma were stained for comparison.

Results: TIMP-1 was strongly expressed in all NSF specimens compared to normal skin. MMP-1 expression
was nearly absent in all tested samples. In all 16 NSF cases, the dermal spindle cells did not stain for
a-smooth muscle actin. MMP-2 and MMP-9 expression was variable but was increased compared to normal
skin.

Limitations: The expression is semiquantitative and based on immunohistochemistry and unconfirmed by
other techniques.

Conclusions: In NSF, TIMP-1 is strongly expressed and MMP-1 is nearly absent, characteristic of the MMP
imbalances seen in other fibrosing processes. Using smooth muscle actin immunohistochemistry, there was
no evidence of myofibroblast differentiation. (J Am Acad Dermatol 2010;63:483-9.)
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INTRODUCTION

Nephrogenic systemic fibrosis (NSF), known for-
merly as nephrogenic fibrosing dermopathy, is a
fibrosing condition strongly associated with renal
dysfunction and exposure to gadolinium-containing
contrast agents used in imaging studies.'™ The skin is
characterized by extensive thickening and hardening
associated with brawny hyperpigmentation (Fig 1).
Systemic involvement has been documented, inclu-
ding fibrosis of striated muscle, myocardium, lungs,
dura mater, renal tubules and rete testes.”® Since
1997, more than 315 patients with renal disease and
NSF have been registered in the NSF registry at Yale
University.”

Histologic features reveal a dermis containing
thickened collagen bundles, variable mucin, and an
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increased number of spindled and plump fibroblast-
like cells. In some cases there are small multinucle-
ated histiocytes. In deep biopsy samples, the process
may extend beyond the dermis and permeate the
septa of subcutaneous fat lobules. There are minimal
to absent inflammatory cells® (see Fig 1). The spindle-
shaped cells co-express CD34 (see Fig 1) and procol-
lagen-1, leading many to be-
lieve their origins to be from
bone marrow—derived circu-
lating fibrocytes.” Despite iso-
lated case reports for many
potential therapies, including
ultraviolet A1 radiation,*® ex-
tracorporeal photopheresis, '
and more recently imatinib, '?

there is no universally effec- + By immunohistochemistry, we
demonstrate strong expression of TIMP-1
accompanied by near absent expression
of MMP-1, characteristic of matrix
metalloproteinase imbalances seen in
other fibrosing processes.

of bone marrow—derived « NSF samples were negative for a-smooth
muscle actin, suggesting a lack of
myofibroblastic differentiation in this

tive or standard treatment for
the disease.

The pathogenesis of NSF
is unclear, but leading theo-
ries surround the stimulation

CD34-positive circulating fi-
brocytes by an unknown
mechanism and their accu-
mulation in affected tissue.’
Gadolinium has been de-
tected in affected fibrotic tissue of NSF,>*!3 put it is
not clear if or how this may stimulate fibrosis.
Regardless, fibrosis progresses and pro-fibrotic cy-
tokine expression of transforming growth factor-
beta (TGF-B), as well as its second messenger,
SMAD, have been previously shown by us' and
others."

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent endoproteinases that are essential
for various normal biological processes such as
embryonic development, morphogenesis, reproduc-
tion, tissue resorption, and remodeling.16 Tissue
inhibitor of metalloproteinase 1 (TIMP) is an impor-
tant inhibitor of MMPs. TIMP and MMPs constitute a
tightly regulated system in normal wound healing,
and their imbalance has been implicated in patho-
logic fibrosing diseases of the skin, including hyper-
trophic scars and keloids as well as scleroderma.'”"”
Elevated TIMP relative to MMP expression has been
described in serum and skin fibroblasts from patients
with systemic sclerosis.""1° Increased TIMP and
decreased MMP-1 expression in human fibroblasts
has also been shown to occur in the presence of
TGF-B.%"% Hence, since we and others'''? have
previously shown TGF-B8 expression in NSF, we
theorized that NSF would show this same pattern
of increased TIMP and decreased MMP-1.

disorder.

CAPSULE SUMMARY

+ Nephrogenic systemic fibrosis (NSF) is a
fibrosing condition that occurs in
patients with renal dysfunction and
gadolinium exposure in which little is
known about the mechanism of fibrosis.
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In addition, we reasoned that some of the spindle
cells would show evidence of myofibroblast differ-
entiation since the presence of this cell is a key
feature of normal wound healing as well as patho-
logic scar formation and chronic fibrosing conditions
including scleroderma®*?® and is also known to be
stimulated by T GF-B.2°

To investigate these aims,
we applied immunohisto-
chemistry to paraffin-embed-
ded tissues using antibodies
to TIMP-1, MMP-1, MMP-2,
MMP-9, and smooth muscle
actin (SMA). Sixteen speci-
mens from 11 patients with
NSF from our dermatopa-
thology files were included
in our analysis. Samples of
normal skin, scar, keloid, and
scleroderma were stained for
comparison.

MATERIAL AND
METHOD

Sixteen  formalin-fixed,
paraffin-embedded  speci-
mens from 10 patients with
NSF from the University of
Texas Medical Branch were included in our analysis.
Eight of these 10 patients (patients A through H)
were included in our previous study'!' (Table D).

Sections 4- to 6-um thick were applied to slides,
deparaffinized in xylene, hydrated through graded
alcohols, and washed. Antigen unmasking was
performed via heat treatment for 20 minutes with
10 mmol/L sodium citrate buffer at 95°C. The slides
were allowed to cool for 20 minutes, then rinsed in
distilled water and placed into a container of TRIS
Buffered Saline with Tween 20 (Signet Pathology
Systems, Inc, Dedham, MA; Catalog No. 80).
Automated immunohistochemistry was then per-
formed with the Dako Autostainer (Carpinteria,
CA). Before labeling with primary antibody to pre-
vent nonspecific reactions, sections were incubated
with blocking reagent from Avidin Biotin Blocking
Kit (Vector Laboratories, Burlingame, CA; Catalog
No. SP2001) for 7 minutes. The following primary
antibodies were used: TIMP-1 at a 1:50 dilution (sc-
21734, Santa Cruz Biotechnology), MMP-1 at a 1:50
dilution (sc-21731, Santa Cruz Biotechnology),
MMP-2 at a 1:100 dilution (sc-58386, Santa Cruz
Biotechnology), MMP-9 at a 1:100 dilution (sc-21733,
Santa Cruz Biotechnology), and a-smooth muscle
actin (Dako M0851) at a dilution of 1:200. Primary
antibodies incubated for 30 minutes, secondary
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Abbreviations used:

MMP:  matrix metalloproteinase

NSF: nephrogenic systemic fibrosis

SMA:  smooth muscle actin

TGF-B: transforming growth factor—8
TIMP: tissue inhibitor of metalloproteinase

antibodies incubated for 15 minutes. Slides were
then counterstained with hematoxylin, washed with
deionized water, dehydrated through graded alco-
hols and xylene, and finally coverslipped.

For TIMP-1 and the MMPs, dilutions were appro-
priately titrated using controls of thyroid and liver
per manufacturer’s recommendations. Negative con-
trols were placenta, lung, and kidney.

For comparison to other fibrosing conditions,
normal skin, a 13-day-old skin scar, and localized
scleroderma were stained in the same manner with
the MMPs and TIMP-1. Normal skin, keloid, and
localized scleroderma were also stained with smooth
muscle actin.

Immunohistochemical stains were evaluated for
the presence of positively staining fibroblast-like
spindle cells between collagen bundles in the der-
mis. The following semiquantitative scale, based on
percentage of positively staining spindle cells, was
used: — (no staining), + (<25% staining), ++ (25%-
50% staining), +++ (50%-75% staining), and
++++ (75%-100% staining).

RESULTS

Table I shows clinical information and immuno-
histochemical staining results from the 16 skin bi-
opsy specimens from 10 patients with NSF, as well as
the samples used for comparison.

TIMP-1 was found to be strongly expressed in the
cytoplasm of spindle cells in all NSF specimens (Fig
2), with 11 of 16 biopsies showing 4+ staining
(average 3.6+). Both the scar and scleroderma
samples stained strongly as well, with 4+ staining.
In normal skin, TIMP-1 was 1+.

MMP-1 was completely absent in 13 of 16 NSF
samples; when present, it was only weakly ex-
pressed with 1+ staining. There was no staining for
MMP-1 in scar, scleroderma, or normal skin (see
Fig 2).

NSF and the other fibrotic conditions (scar, local-
ized scleroderma) showed more variable expression
of MMP-2 and MMP-9 (see Fig 2). The average MMP-
2 and MMP-9 expression in NSF samples was 2.3+
and 3.4+, respectively. Normal skin was negative for
both MMP-2 and MMP-9.
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Fig 1. A, Indurated, hyperpigmented plaque of NSF on
lower extremity. B, Increased fibroblast-like spindle cells
between thick collagen bundles. (Hematoxylin-eosin
stain; original magnification X40.) C, Spindle cells stain
positive with CD34.

S

All but one of our patients underwent biopsy less
than a year after exposure to gadolinium. One un-
derwent biopsy 3.8 years after exposure (Patient I)
and showed a persistent unbalanced expression of
TIMP and MMPs similar to those patients who under-
went biopsy earlier in the course of the disease.

In all 16 cases, no a@-smooth muscle actin staining
was seen in the spindle cells (Fig 3). Myoepithelial
cells in vessels served as internal controls. In con-
trast, localized scleroderma and keloid revealed
spindle cells staining positive for SMA (see Fig 3).

DISCUSSION
In normal wound healing, injured tissue is filled
with blood cells and fibrin, followed by the release of
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Table 1. Expression of matrix metalloproteinases and tissue inhibitor of metalloproteinase in nephrogenic

systemic fibrosis samples
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Time from Gd Time from
Age exposure to  symptom onset
Patient Specimen No.  (y)/Race/Sex biopsy to biopsy TGF-3* TIMP MMP-1 MMP-2 MMP-9 SMA
A 1 33/AA/F 4 mo 2 mo — +++ + +++ +++ -
2 +++  ++ - + +++ -
B 3 62/AA/F 7 mo 7 mo — +++ — ++ +++ =
C 4 42/LA/M 1-2 mo 1 mo ++ ++++ + + o+ttt -
D 5 14/LA/F 4-5 mo 2 mo + ++++ = ++ +++ =
6 +  HH+++ = At -
E 7 38/LA/F 4 mo 1 mo - ++++ - +++ ++++ -
8 - H+++ = A+t =
F 9 87/W/M 2 mo 2 wk +++ ++++ — + +++ —
10 +++ ++++ - ++  ++++ -
G 11 56/Asian/M 3 mo 3 mo — ++++ — +++ ++++ -
12 ++  +++ - + ++++ -
H 13 37/AA/F Unknown Unknown + ++++ — ++++ +++ -
| 14 56/AA/F 46 mo Unknown NP +++ + +++ +++ =
15 Unknown NP ++++ - ++ +++ =
J 16 45/LA/M 8 mo 6 mo NP ++++ - +++  +++ =
Controls
Normal skin NP + — — — NP
13-day-old NP ++++ —  ++++ + NP
scar
Localized NP +++4+ — + - +
scleroderma
Keloid NP NP NP NP NP +

AA, African American; F, female; Gd, gadolinium; LA, Latino/Latina American; M, male; NP, not performed; W, white.

*Data previously published."

various growth factors. Next, proliferation of fibro-
blasts, smooth muscle cells, and endothelial cells
leads to formation of granulation tissue. Tissue
regeneration is then initiated and progresses until
wound repair is complete.””*® To prevent fibrosis,
matrix homeostasis must be tightly balanced to avoid
excessive production or decreased degradation of
collagen and the extracellular matrix.

MMPs, in addition to their many other functions, play
an important role in wound healing. After injury, MMP-1,
-2 and -9 expression is rapidly increased and gradually
declines as the wound enters the remodeling phase.
MMP-1, also called interstitial collagenase, has the dis-
tinctive capacity to cleave the triple helix of type I
collagen, allowing the chains to unwind and become
susceptible to further degradation.” MMP-2 and MMP-9
are gelatinases which degrade type IV collagen, a major
constituent of basement membranes, denatured intersti-
tial collagens (gelatins), laminin, elastin, and fibronectin.*
The system is tightly regulated by TIMPs. Continued
expression of TIMP-1 would be expected to inhibit the
ability of MMPs, particulartly MMP-1, to appropriately
break down the extracellular matrix resulting in fibrosis.
In fact, this has been shown in animal models as well as in
patients with hypertrophic scars and scleroderma. '+

Myofibroblasts also appear to play a key role in the
process of wound healing. Not only do they synthesize
extracellular matrix components such as collagen types
-1V, proteoglycans, and matrix-modifying proteins, they
also promote contraction of the granulation tissue by
virtue of their expression of the contractile protein
a-smooth muscle actin. During wound healing, the
myofibroblasts are eliminated by apoptosis. This pro-
cess must be tightly regulated, as overactivation of
myofibroblasts is responsible for fibrosis and scarring
and has been shown in many fibrotic diseases, including
hypertrophic scars developing after burn injury, fibrotic
phase of scleroderma® ! and in the palmar fibromatosis
of Dupuytren’s disease as well as fibrosis affecting vital
organs such as the liver,” heart,*® lung,** and kidney.*’

Compelling evidence of the importance of myo-
fibroblasts in scarring may have best been demon-
strated in fibroblasts from scleroderma patients. Both
unaffected and scarred skin samples showed in-
creased expression of profibrotic cytokines, but only
the scarred areas had increased ability to adhere and
contract extracellular matrix. This suggests that in-
creased extracellular matrix per se may not be
enough to result in scar. Rather, mechanical tension
may also be required.**
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Fig 2. A, Cytoplasm of spindle cells in NSF stain strongly
with TIMP-1. B, Spindle cells are negative for MMP-1.
More variable staining was seen with (C) MMP-2 and (D)
MMP-9.

The major finding in our study is that expression
of TIMP-1 is strongly expressed in the spindle cells of
NSF. Additionally, we found essentially absent MMP-
1 staining in all NSF samples. This ratio of increased
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Fig 3. A, Spindle cells of NSF do not stain for SMA. Focal
areas of SMA-positive spindle cells are seen in (B) sclero-
derma and (C) keloid.

TIMP and decreased MMP-1 might be expected to
result in fibrosis and, in fact, has been shown in
scleroderma and keloids.>® This imbalance was pre-
sent in all of our NSF samples, even in a sample that
was taken nearly 4 years after the onset of symptoms.
It is not known why this imbalance would persist,
but perhaps the continued presence of TGF-8, which
is known to stimulate TIMP-1*" and which we have
previously shown in NSF lesions,'! plays a role.

A second and unexpected finding is that we found
no evidence of a-smooth muscle actin expression in
any of the spindle cells of all of our NSF samples. We
did, however, find a-smooth muscle actin staining in
both the keloid and scleroderma control samples as
evidence of myofibroblastic differentiation.

One major difference between NSF and other
fibrosing conditions such as scleroderma is the
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prominence of CD34+ expression. Some have spec-
ulated that this signifies a bone-marrow derivation of
the spindle cell as opposed to local recruitment of
tissue and proliferation fibroblasts. These cells have
been called circulating fibrocytes. Fibrocytes isolated
from the peripheral blood of healthy people have
been shown to differentiate into myofibroblasts and
express a-SMA when TGF-8 is present through the
activation of second messengers SMAD 2/3 and
SAPK/JNK MAPK pathways.?® These spindle cells
(fibrocytes) from NSF have been shown to express
SMA when grown in cell culture.®” It is therefore
unclear why our samples of paraffin-embedded
tissue do not show expression of SMA despite the
documented association of TGF-8 and its second
messenger SMAD with the disease. Because myofi-
broblasts undergo apoptosis during scar resolu-
tion,® it is possible that the cells were present
initially in the NSF lesions but eventually underwent
cell death during the latter stages of fibrosis. In fact,
at least one study has shown that myofibroblast
apoptosis was dependent on MMP-2 and MMP-9
expression, which was also present in our NSF
samples.” Nevertheless, this seems unlikely given
that the fibrosing process in many of these patients
was still progressing clinically and the length of time
from symptom onset to biopsy varied from 2 weeks
to 4 years. It may also be that our immunohisto-
chemical techniques were not sensitive enough to
detect myofibroblast differentiation and that molec-
ular-based methods, ultrastructural studies or that
other markers, such as calponin and caldesmon,
would be able to identify the presence of contractile
elements in the spindle cells.*® A third possibility is
that other cytokines or mechanical factors inhibit the
differentiation of these cells into myofibroblasts.
Tumor necrosis factor alpha, interferon gamma,
basic fibroblast growth factor,*! and interleukin 1%
have all been shown to inhibit SMA expression in the
presence of TGF-.

Regarding potential future therapies, knowledge
of the pathogenesis of fibrosis may be helpful in
determining targets. Broadly targeting TGF-8 signal-
ing for the treatment of disease is anticipated to be
problematic, largely on the basis of findings from
animal studies. For example, TGF-B—deficient mice
display a severe wasting syndrome accompanied by
a generalized inflammatory response and tissue
necrosis, resulting in organ failure and death. %
Animals genetically deficient in TGF-B receptor type
I (ALK5) die in utero and display severe vascular
defects.*> Mice deficient in SMAD 3, a second mes-
senger of TGF-B, become moribund with chronic
inflammation and colorectal adenocarcinomas be-
tween 4 and 6 months of age™® and can also develop

J AM ACAD DERMATOL
SerTEMBER 2010

degenerative joint diseases.”’ Perhaps better targets
of therapy will be the induction of MMPs or destruc-
tion of their inhibitors, like TIMP, which may operate
in tandem or downstream of TGF-B in the fibrotic
pathway. Interestingly, some anti-fibrotic properties
have been shown using an antisense oligonucleotide
against TIMP in rats with liver fibrosis.*®

In conclusion, by using immunohistochemistry
on paraffin-embedded tissue from patients with
nephrogenic systemic fibrosis, we found that
TIMP-1 is strongly expressed while MMP-1 is largely
absent, similar to findings previously reported in
other profibrotic conditions. No a-smooth muscle
actin—positive spindle cells were seen in our NSF
samples, which suggests that myofibroblasts are not
present in this fibrosing disorder.

REFERENCES

1. Cowper SE, Robin HS, Steinberg SM, et al. Scleromyxoedema-
like cutaneous diseases in renal-dialysis patients. Lancet 2000;
356:1000-1.

2. Grobner T. Gadolinium—a specific trigger for the develop-
ment of nephrogenic fibrosing dermopathy and nephro-
genic systemic fibrosis? Nephrol Dial Transplant 2006;21:
1104-8.

3. Boyd AS, Zic JA, Abraham JL. Gadolinium deposition in
nephrogenic fibrosing dermopathy. J Am Acad Dermatol
2007;56:27-30.

4. Wiginton C, Kelly B, Oto A, Jesse M, Chaljub G, et al. Neph-
rogenic Systemic Fibrosis: Association with Gadolinium-Based
MR Contrast and Other Risk Factors. Am J Roentgeno 2008;
190:1060-8.

5. Ting WW, Stone MS, Madison KC, Kurtz K. Nephrogenic
fibrosing dermopathy with systemic involvement. Arch Der-
matol 2003;139:903-6.

6. Saenz A, Mandal R, Kradin R, Hedley-Whyte ET. Nephrogenic
fibrosing dermopathy with involvement of the dura mater.
Virchows Archiv 2006;449:389-91.

7. Cowper SE. Nephrogenic Fibrosing Dermopathy [NFD/NSF
Website]. 2001-2007. Available at: http://www.icnfdr.org.
Accessed June 28, 2009.

8. Cowper SE, Rabach M, Girardi M. Clinical and histologic
findings in nephrogenic systemic fibrosis. Eur J Radiol 2008;
66:191-9.

9. Quan TE, Cowper S, Wu SP, Bockenstedt LK, Bucala R.
Circulating fibrocytes: collagen-secreting cells of the periphe-
ral blood. Int J Biochem Cell Biol 2004;36:598-606.

10. Kreuter A, Gambichler T, Weiner SM, Schieren G. Limited
effects of UV-A1 phototherapy in 3 patients with nephrogenic
systemic fibrosis. Arch Dermatol 2008;144:1527-9.

11. Mathur K, Morris S, Deighan C, Green R, Douglas KW. Extra-
corporeal photopheresis improves nephrogenic fibrosing
dermopathy/nephrogenic systemic fibrosis: three case reports
and review of literature. J Clin Apher 2008;23:144-50.

12. Chandran S, Petersen J, Jacobs C, Fiorentino D, Doeden K,
Lafayette RA. Imatinib in the treatment of nephrogenic
systemic fibrosis. Am J Kidney Dis 2009;53:129-32.

13. High WA, Ayers RA, Chandler J, Zito G, Cowper SE. Gadolinium
is detectable within the tissue of patients with nephrogenic
systemic fibrosis. J Am Acad Dermatol 2007;56:21-6.

14. Kelly B, Petitt M, Sanchez R. Nephrogenic fibrosing dermop-
athy is associated with TGF-8 and SMAD2/3 without evidence


http://www.icnfdr.org

] AM ACAD DERMATOL
Vorume 63, NUMBER 3

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

of renin-angiotensin involvement. J Am Acad Dermatol 2008;
58:1025-30.

Jiménez S, Artlett C, Sandorfi N, Derk C, Latinis K, Sawaya H,
et al. Dialysis-associated systemic fibrosis (nephrogenic fibros-
ing dermopathy): study of inflammatory cells and transform-
ing growth factor B1 expression in affected skin. Arthritis
Rheum 2004;50:2660-6.

Gillard JA, Reed MW, Buttle D, Cross SS, Brown NJ. Matrix
metalloproteinase activity and immunohistochemical profile
of matrix metalloproteinase-2 and -9 and tissue inhibitor of
metalloproteinase-1 during human dermal wound healing.
Wound Repair Regen 2004;12:295-304.

Kirk TZ, Mark ME, Chua CC, Chua BH, Mayes MD. Myofibro-
blasts from scleroderma skin synthesize elevated levels of
collagen and tissue inhibitor of metalloproteinase (TIMP-1)
with two forms of TIMP-1. J Biol Chem 1995;270:3423.
Kikuchi K, Kubo M, Sato S. Serum tissue inhibitor of metal-
loproteinases in patients with systemic sclerosis. J Am Acad
Dermatol 1995;33:973.

Bou-Gharios G, Osman J, Black C, Olsen |. Excess matrix
accumulation in scleroderma is caused partly by differential
regulation of stromelysin and TIMP-1 synthesis. Clin Chim Acta
1994;231:69.

Denton CP, Abraham DJ. Transforming growth factor-beta and
connective tissue growth factor: key cytokines in scleroderma
pathogenesis. Curr Opin Rheumatol 2001;13:505-11.

Chen SJ, Yuan W, Mori Y, Levenson A, Trojanowska M, Varga J.
Stimulation of type | collagen transcription in human skin
fibroblasts by TGF-beta: involvement of SMAD3. J Invest
Dermatol 1999;112:49-57.

Yuan W, Varga J. Transforming growth factor-beta repression
of matrix metalloproteinase-1 in dermal fibroblasts involves
Smads3. J Biol Chem 2001;276:38502-10.

Edwards DR, Murphy G, Reynolds JJ, Whitham SE, Docherty AJ,
Angel P, et al. Transforming growth factor beta modulates the
expression of collagenase and metalloproteinase inhibitor.
EMBO J 1987;6:1899-904.

Sappino A, Masouyé |, Saurat J, Gabbiani G. Smooth muscle
differentiation in scleroderma fibroblastic cells. Am J Pathol
1990;137 585-91.

Kissin EY, Merkel PA, Lafyatis R. Myofibroblasts and hyalinized
collagen as markers of skin disease in systemic sclerosis.
Arthritis Rheum 2006;54:3655-60.

Hong KM, Belperio JA, Keane MP, Burdick MD, Strieter RM.
Differentiation of human circulating fibrocytes as mediated by
transforming growth factor-B8 and peroxisome proliferator-
activated receptor 7. J Biol Chem 2007;282:22910-20.

Leask A. Targeting the TGFB, endothelin-1 and CCN2 axis to
combat fibrosis in scleroderma. Cell Signal 2008;20:1409-14.
Yamaguchi R, Takami Y, Yamaguchi Y, Shimazaki S. Bone
marrow-derived myofibroblasts recruited to the upper dermis
appear beneath regenerating epidermis after deep dermal
burn injury. Wound Repair Regen 2007;15:87-93.

Shapiro SD. Matrix metalloproteinase degradation of extracel-
lular matrix: biological consequences. Curr Opin Cell Biol 1998;
10:602-8.

Pucci-Minafra I, Minafra S, La Rocca G, Barranca M, Fontana S,
Alaimo G, et al. Zymographic analysis of circulating and tissue
forms of colon carcinoma gelatinase A (MMP-2) and B (MMP-9)
separated by mono- and two-dimensional electrophoresis.
Matrix Biol 2001;2:419-27.

Yamamoto T, Nishioka K. Animal Model of Sclerotic Skin. V:
Increased expression of a-smooth muscle actin in fibroblastic

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

Kelly et al 489

cells in bleomycin-induced scleroderma. Clin Immunol 2002;
102:77-83.

Desmouliere A, Chaponnier C, Gabbiani G. Tissue repair,
contraction, and the myofibroblast. Wound Repair Regen
2005;13:7-12.

Virag JI, Murry CE. Myofibroblast and endothelial cell prolifer-
ation during murine myocardial infarct repair. Am J Pathol
2003;163:2433-40.

Thannickal VJ, Toews GB, White ES, Lynch JP lll, Martinez FJ.
Mechanisms of pulmonary fibrosis. Annu Rev Med 2004;55:
395-417.

Lan HY. Tubular epithelial-myofibroblast transdifferentiation
mechanisms in proximal tubule cells. Curr Opin Nephrol
Hypertens 2003;12:25-9.

Tanriverdi-Akhisaroglu S, Menderes A, Oktay G. Matrix metal-
loproteinase-2 and -9 activities in human keloids, hypertrophic
and atrophic scars: a pilot study. Cell Biochem Funct 2009;27:
81-7.

Edward M, Quinn JA, Mukherjee S, Jensen MB, Jardine AG,
Mark PB, et al. Gadodiamide contrast agent ‘activates’ fibro-
blasts: a possible cause of nephrogenic systemic fibrosis.
J Pathol 2008;214:584-93.

Plotkin M, Mudinuri V. Pod1 induces myofibroblast differen-
tiation in mesenchymal progenitor cells from mouse kidney.
J Cell Biochem 2008;103:675-90.

Mizuno S, Matsumoto K, Li MY, Nakamura T. HGF reduces
advancing lung fibrosis in mice: a potential role for MMP-
dependent myofibroblast apoptosis. FASEB J 2005;19:580-2.
Higashi K, Inagaki Y, Fujimori K, Nakao A, Kaneko H, Nakatsuka
I. Interferon gamma interferes with transforming growth
factor-beta signaling through direct interaction of YB-1 with
Smad3. J Biol Chem 2003;278:43470-9.

Akasaka Y, Ono |, Tominaga A, Ishikawa Y, Ito K, Suzuki T, et al.
Basic fibroblast growth factor in an artificial dermis promotes
apoptosis and inhibits expression of a-smooth muscle actin,
leading to reduction of wound contraction. Wound Rep Regen
2007;15:378-89.

Hinz B. Formation and function of the myofibroblast during
tissue repair. J Invest Dermatol 2007;127:526-37.

Kulkarni AB, Karlsson S. Transforming growth factor-beta
1 knockout mice. A mutation in one cytokine gene causes
a dramatic inflammatory disease. Am J Pathol 1993;143:
3-9.

Bottinger EP, Letterio JJ, Roberts AB. Biology of TGF-beta in
knockout and transgenic mouse models. Kidney Int 1997;51:
1355-60.

Larsson J, Goumans M, Sjostrand L, van Rooijen M, Ward D,
Leveen P, et al. Abnormal angiogenesis but intact hemato-
poietic potential in TGF-beta type | receptor-deficient mice.
EMBO J 2001;20:1663-73.

Yang X, Letterio JJ, Lechleider RJ, Chen L, Hayman R, Gu H,
et al. Targeted disruption of SMAD3 results in impaired
mucosal immunity and diminished T cell responsiveness to
TGF-beta. EMBO J 1999;18:1280-91.

Borton AJ, Frederick JP, Datto MB, Wang XF, Weinstein RS.
The loss of Smad3 results in a lower rate of bone
formation and osteopenia through dysregulation of osteo-
blast differentiation and apoptosis. J Bone Mineral Res
2001;16:1754-64.

Nie Q-H, Zhu C-L, Zhang Y-F, Yang J, Zhang JC, Gao RT.
Inhibitory effect of antisense oligonucleotide targeting TIMP-2
on immune-induced liver fibrosis. Dig Dis Sci 2009 June 11.
Epub ahead of print.



	The imbalanced expression of matrix metalloproteinases in nephrogenic systemic fibrosis
	Introduction
	Material and method
	Results
	Discussion
	References


