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Abstract. Experimental renal scarring indicates that tissue
transglutaminase (tTg) may be associated with the accumula-
tion of extracellular matrix (ECM), both indirectly via TGF-�1
activation and directly by the formation of �(�-glutamyl) lysine
dipeptide bonds within the ECM. The latter potentially accel-
erates deposition and confers the ECM with resistance to
proteolytic digestion. Studied were 136 human renal biopsy
samples from a range of chronic renal diseases (CRD) to
determine changes in tTg and �(�-glutamyl) lysine crosslink-
ing. Immunofluorescence for insoluble tTg showed a 14-fold
increase in the kidneys of CRD patients (5.3 � 0.5 versus 76
� 54 mV/cm2), which was shown to be active by a similar
11-fold increase in the �(�-glutamyl) lysine crosslink (1.8 �

0.2 versus 19.3 � 14.2 mV/cm2). Correlations were obtained
with renal function for tTg and crosslink. In situ hybridization
for tTg mRNA showed that tubular epithelial cells were the
major source of tTg; however, both mesangial and interstitial
cells also contributed to elevated levels in CRD. This mRNA
pattern was consistent with immunohistochemistry for soluble
tTg. Changes in renal tTg and its product, the �(�-glutamyl)
lysine crosslink, occur in progressive renal scarring in humans
independently of the original etiology and in a similar manner
to experimental models. tTg may therefore play a role in the
pathogenesis of renal scarring and fibrosis in patients with
CRD and can therefore be considered a potential therapeutic
target.

The progression of chronic renal failure is relentless in the
majority of patients with chronic nephropathies. This is be-
cause of the underlying scarring process characterized by renal
cell depletion and their replacement by extracellular matrix
(ECM) (1). Research has established many pathways leading to
both cellular loss and excessive and inappropriate deposition of
ECM (1). Numerous mediators have been implicated, includ-
ing proinflammatory cytokines and chemokines as well as
profibrotic growth factors such as TGF-�1 (2). It is clear that
these mediators influence key enzymatic pathways that play
important roles in the regulation of cell and ECM turnover.
This is the case, for instance, with TGF-�1 that is capable of
both inhibiting cell proliferation as well as increasing the
deposition of ECM through stimulating its synthesis and in-
hibiting collagenolytic activity (3). TGF-�1 is capable of in-
hibiting matrix metalloproteinase (MMP) and plasmin synthe-
sis as well as inducing their inhibitors (tissue inhibitor of MMP
[TIMP] and plasminogen activator inhibitor-1) (3). More re-
cently, a role has been described for TGF-�1 in the modulation
of another key ECM-modulating enzyme: tissue transglutami-

nase (tTg) (4). This enzyme may be linked to many of the
actions of TGF-�1 in the scarred kidney, including loss of
tubular cells and fibrosis.

tTg is a member of a family of enzymes that has the capacity
to irreversibly crosslink proteins through a �(�-glutamyl) ly-
sine bond (5). Such action has been implicated in the crosslink-
ing of ECM leading to increased deposition (6,7) and its
resistance to proteolytic enzymes leading to tissue fibrosis (8).
Recent studies in the remnant kidney model of renal scarring
have shown that tTg is released by tubular cells and may have
a multifunctional role in the progression of renal scarring (8,9).
First, it moves to the extracellular environment, where the high
Ca2� and low Guanosine Triphosphate levels result in activa-
tion of the enzyme (10). This leads to the formation of �-(�-
glutamyl) lysine dipeptide bonds within the ECM. This
crosslinking may facilitate inappropriate deposition of ECM
proteins (7,11) while instilling resistance to the action of MMP
(8). Second, high intracellular levels of tTg can lead to a novel
type of cell death by the crosslinking of cytoplasmic proteins
after cell trauma and loss of Ca2� homeostasis (12,13). This
transglutaminase-associated cell death has been reported
within the tubular compartment (9) and is independent of
apoptosis, although tTg is also associated with cellular apopto-
sis (14–16). Cell deletion and tubular atrophy are major com-
ponents of renal scarring and contribute to progressive renal
insufficiency (17). Finally, tTg has also been shown to play a
key role in the matrix storage and activation of TGF-�1,
through the crosslinking of latent TGF-�1 binding protein to
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the ECM (18,19). Interestingly, TGF-�1 has also been shown
to upregulate tTg transcription (4,20).

In this study, for the first time in human chronic renal
disease (CRD), we investigated changes in tTg in progressive
renal scarring by using biopsy material from patients with a
variety of nephropathies and at different stages of the scarring
process.

Materials and Methods
Patients

We retrospectively investigated renal biopsy material from 136
renal patients who had chronic renal diseases (CRD) due to a range of
clinical and histologic diagnoses (CRD group) (Table 1). Chronic
renal failure was defined as patients who were followed up for at least
6 mo at either institution with a serum creatinine level exceeding 1.5
mg/dl. These were compared with five renal samples obtained via
biopsy from the healthy pole of nephrectomy specimens of patients
with renal cell carcinoma (control group). Seventy of these biopsy
samples were obtained from the Department of Histopathology, Uni-
versity Hospital of Alexandria, Egypt, between 1992 and 1997, and
the remainder were retrieved from the archives of the Department of
Histopathology, Sheffield Teaching Hospitals (Northern General Hos-
pital Campus), United Kingdom, between 1994 and 1998.

Original histologic diagnoses were obtained from the patients’
notes and substantiated by further examination of the biopsy samples
by an independent pathologist (N.B.). All clinical information includ-
ing renal function and proteinuria was obtained from either the pa-
tients’ medical records or the unit’s computerized patient database.

Immunohistochemistry and Immunofluorescence
Distribution of tTg and �-(�-Glutamyl) Lysine Crosslink. .

The distribution of immunoreactive transglutaminase and its crosslink
product, �-(�-glutamyl) lysine, was determined by immunolocaliza-
tion on both neutral-buffered formalin-fixed, paraffin-embedded sec-
tions and unfixed cryostat sections. Paraffin-embedded fixed tissue is
suitable for the detection of soluble tTg, but as a result of antibody
exclusion/epitope occlusion on fixed tissue, the detection of insoluble
tTg (attached to substrate, including ECM) is unsatisfactory for these
sections. Instead, unfixed, frozen sections are used to detect insoluble
tTg, although all soluble tTg is removed during the processing of these
frozen sections and morphology is often difficult to evaluate. Thus, a

combination of staining of fixed and unfixed tissue provides a com-
prehensive evaluation of tTg location.

tTg in Paraffin-Embedded Sections. Renal biopsy samples
were fixed in 10% neutral buffered formalin, embedded in paraffin,
and sectioned at 4 �m. Paraffin was removed and sections were
rehydrated in descending grades of alcohol. After blocking of endog-
enous peroxidase activity with 3% H2O2 in methanol, antigen reveal-
ing was performed by Target Unmasking Fluid (ID Labs Biotechnol-
ogy, Glasgow, UK) at 90°C for 10 min and at room temperature for
another 10 min. Sections were blocked with antibody dilution buffer
(3% w/v BSA, 0.05% vol/vol Triton X-100, PBS) plus 5% vol/vol
goat serum for 1 h and then probed overnight at 4°C with 1:300 mouse
anti-tTg (CUB7042) (Stratek Scientific, Luton, UK) in antibody di-
lution buffer plus 5% vol/vol goat serum. Antibody binding was
revealed by an avidin-biotin technique using the ABC kit (Vector
Laboratories, Peterborough, UK). Visualization of the reaction was
performed with 3'amino-9'ethyl-carbimazole (AEC) (Vector Labora-
tories) as the chromogen.

tTg and �-(�-Glutamyl) Lysine in Unfixed Cryostat Sections.
Unfixed cryostat sections were immunoprobed with either mouse
monoclonal anti-tTg antibody (CUB7042) (Stratek Scientific) or
mouse anti–�-(�-glutamyl) lysine monoclonal antibody (clone 81D4;
Covalab, Lyon, France), as previously described (8). After fixing with
�20°C methanol, primary antibody binding was revealed, either with
the ABC kit (Vector Laboratories) with an AEC substrate for light
microscopy, or with goat anti-mouse Cy5 (indodicarbocyanine)–con-
jugated antibody (Stratek Scientific) and visualized by confocal mi-
croscopy, as described previously (8).

Technique and Antibody Specificity. Technique specificity
was determined by the replacement of the primary antibodies with an
equal concentration of mouse nonimmune IgG. Both the monoclonal
antibodies to tTg (CUB 7402) (13,21,22) and �-(�-glutamyl) lysine
(clone 81D4) (23,24) have well characterized specificity; however,
this was further confirmed by overnight preadsorption of the antisera with
either purified tTg (Sigma, Poole, UK) or synthesized �(�-glutamyl)
lysine (Bachem, UK). In neither case was any staining evident.

In Situ Transglutaminase Activity. The determination of in situ
transglutaminase activity was as described previously (8). Unfixed
cryostat sections were incubated with FITC cadaverine (Molecular
Probes, Leiden, The Netherlands) and CaCl2. Negative controls in-
cluded the replacement of CaCl2 with EDTA or the addition of
cystamine (Tg inhibitor) or CUB7042 (transglutaminase-inactivating

Table 1. Histopathologic diagnoses of patient biopsy samples

Pathologic Diagnoses Proliferative (P) or
Nonproliferative (NP)

Patient Group, n (%)
(n � 136)

Control Group, n (%)
(n � 5)

Amyloidosis — 7 (5.1) 0 (0)
Crescentic glomerulonephritis (CGN) P 5 (3.6) 0 (0)
Diabetic nephropathy (DN) NP 4 (2.9) 0 (0)
End-stage renal disease (ESRD) NP 38 (27.7) 0 (0)
Focal proliferative glomerulonephritis (FPGN) P 3 (2.2) 0 (0)
Focal segmental glomerulosclerosis (FSGS) NP 4 (2.9) 0 (0)
Mesangiocapillary glomerulonephritis (MCGN) P 35 (25.5) 0 (0)
Membranous nephropathy (MN) NP 14 (10.2) 0 (0)
Mesangial proliferative glomerulonephritis

(including IgA nephropathy) (MPG)
P 21 (15.3) 0 (0)

Myeloma kidney NP 2 (1.5) 0 (0)
Chronic pyelonephritis NP 3 (2.2) 0 (0)
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antibody) (Stratek Scientific). Positive controls were generated by the
addition of 50 �g of purified tTg (Sigma) to the reaction buffer. After
washing, fixing, and blocking, incorporated fluorescein cadaverine
was revealed by immunoprobing with a mouse anti-FITC monoclonal
antibody and visualized with a goat anti-mouse Cy5 conjugated anti-
body (Stratek Scientific). Sections were visualized by confocal mi-
croscopy (Leica DMRBE, Leica, Wetzlar, Germany) with a Kr-Ar
laser at 650 nm (Cy5 optimal excitation). Computer imaging and
analyses was obtained at emission wavelengths of 655 and 530 nm for
Cy5 and autofluorescence, respectively.

In Situ Hybridization. Formalin-fixed sections were rehydrated
and digested with 5 �g/ml of proteinase K (Sigma) for 60 min at
37°C. These were then postfixed in 1% (wt/vol) paraformaldehyde
and then probed with sense and antisense riboprobe constructs to
tissue tTg constructed by using digoxigenin-labeled rUTP (Boehr-
inger Ingelheim, Bracknell, UK) generated from the 375-bp BamHI
fragment of tTg via the riboprobe Gemini II system (Promega,
Southampton, UK). Hybridization was performed at 50°C for 18 h in
a 50% vol/vol formamide hybridization buffer containing 10 ng/ml of
digoxigenin-labeled riboprobe. After stringency washes, any nondu-
plexed RNA was digested with 20 �g/ml RNase A (Sigma) for 30 min
at 37°C. Binding of the riboprobes was then revealed by alkaline
phosphatase–conjugated sheep antidigoxigenin antibody (Boehringer
Ingelheim) with 4-nitro blue tetrazolium chloride/5-bromo-4-chloro-
3-indoylphosphate used as the substrate (8).

Morphometric Analysis
All morphologic evaluations were performed separately by four of

the authors blinded to the section code. A standard point counting
method was used to quantitate Masson trichrome staining for the
estimation of both glomerular sclerosis and interstitial fibrosis under
a magnification of �400 (25). The same method was used to quan-
titate bright field immunostaining for tTg and its crosslink product.

Twelve consecutive non-overlapping fields in the tubulointersti-
tium and all available glomeruli in the biopsy were evaluated using an
81 (9 � 9) point grid. The mean tubulointerstitium and glomerular
scores per biopsy were evaluated as a percent of positive points to the
total counted. Semi-quantitation by confocal microscopy was obtained
directly using the emission intensity at 655 nm for both the tTg and
the crosslink staining.

Semiquantitative Histomorphometric Analysis
Semiquantitative histomorphometric analysis was performed, with

the parameters evaluated according to an arbitrary score (from 0 to
�3) as described previously (9) for glomerular mesangial hypercel-
lularity, tubular atrophy, and interstitial cellular infiltration.

Statistical Analyses
Results are given as mean and SD unless stated otherwise. Differ-

ences between the experimental groups were determined by the
Kruskall-Wallis test followed by the Mann-Whitney U test or the
Wilcoxon rank-sum test for post hoc comparison. Correlations be-
tween the different parameters were performed by Spearman’s rank
correlation test. Results were considered significant when the P value
was less than 5%. All analysis was performed by SPSS statistical
software and Microsoft Excel.

Results
Clinical Findings

The histologic classification and clinical characteristics of
the CRD study groups are described in Tables 1 and 2,

respectively. The majority (87%) of patients studied had
impaired renal function (serum creatinine above 1.5 mg/dl).
A significant proportion (92%) had proteinuria (�300
mg/24 h), with 79% having proteinuria greater than 1 g/24
h. Hypertension was present in 69.3% of patients. Eighty-
four percent of patients had interstitial inflammation, with
53% of these having scores greater than 1 (Table 2). Control
patients had normal serum creatinine at the time of the
nephrectomy. None were known to have proteinuria or
hypertension (Table 2). Glomerulosclerosis and interstitial
fibrosis were significantly higher in all nephropathies com-
pared with the control group. Interstitial inflammation was
detected in 62% of the patients and none of the control
biopsy samples (Table 2).

Immunohistochemistry
Soluble tTg Immunostaining. Detection of soluble tTg

on formalin-fixed, paraffin-embedded sections showed little
detectable staining in the normal kidney (Figure 1, A). Any
immunostaining was predominantly in the glomerulus in a
pattern that would be consistent with a mesangial distribu-
tion. Occasionally, some very faint staining was seen in the
extracellular areas. In biopsy samples, increased immunos-
tainable tTg was detected in both glomerular and tubular
compartments (Figure 1, B through D). Glomerular staining
appeared to be generally mesangial in nature (Figure 1, C)
and was associated with areas of hypercellularity, with
significant correlation between the two (R2 � 0.73, P �
0.001). Some endothelial capillary lining also appeared to
stain; however, this is difficult to conclusively distinguish in
a damaged glomeruli. Changes in tubular staining occurred
to a greater extent in the cortex (Figure 1, B and D), with

Table 2. Clinical data in control and patient groupsa

Characteristic Patient Group
(mean � SD)

Control Group
(mean � SD) P Value

Age (yr) 41 � 20 48.6 � 10.8 � 0.001
Urea (mg/dl) 110.3 � 99.1 32.4 � 11.3 � 0.001
Serum creatinine

(mg/dl)
4.1 � 4.4 0.9 � 0.5 � 0.001

MAP (mmHg) 108.6 � 18.2 95.1 � 5.8 � 0.001
24-h proteinuria

(g/24 h)
3.1 � 2.8 0.20.1 � 0.001

Glomerulosclerosis (%) 4.5 � 3.4 0.4 � 0.7 � 0.001
Interstitial fibrosis (%) 21.2 � 10.9 3.8 � 1.9 � 0.001
Mesangial cellularity

(score 0 to 3)
1.9 � 1.0 1.1 � 0.8 � 0.001

Tubular atrophy
(score 0 to 3)

1.32 � 1.0 0.00 � 0.00 � 0.001

Interstitial Inflammation
(score 0 to 3)

1.03 � 0.87 0.01 � 0.01 � 0.001

a n � 136 and n � 4 for patient and control groups,
respectively.
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proximal and distal tubules the likely sources of tTg (Figure
1, B and D). Visualization of areas where tubular atrophy
was less severe and renal architecture somewhat preserved
indicates that although both cell types reveal elevated tTg,
proximal tubular cells appeared to have stronger and more
widespread immunostaining. This staining pattern was con-
sistent regardless of the original histologic diagnosis.

Point counting analysis of soluble immunostainable tTg in
the glomerular and tubulointerstitial compartments showed a
7.5-fold increase within the glomerulus and a 2.5-fold increase
in tTg in the tubulointerstitium (Figure 2).

Insoluble tTg Immunostaining. Detection of insoluble
tTg via both light (Figure 3) and confocal (Figure 4) mi-
croscopy on unfixed cryostat sections showed little staining
in the normal kidney in either the glomeruli or tubulointer-
stitium (Figures 3 A, 4A, and 4B). In contrast, a marked
increase in tTg immunostaining was seen in scarred kidneys.
This was predominantly in the expanding tubulointerstitium
(consistent with an extracellular staining pattern) and likely
to be associated with the extracellular matrix (ECM) (Fig-
ures 3C, 3D, and 4C). Increases in glomerular staining were
also significant, particularly in the periglomerular region
(Figures 3B and 4D) but also throughout the mesangium.
Changes in tTg staining in the mesangium were more evi-
dent by confocal microscopy (Figure 4, D) than light mi-
croscopy (Figure 3, B). The pattern of staining within both
the glomeruli and tubulointerstitium again appeared to be
independent of the original pathology.

�-(�-Glutamyl) Lysine Immunostaining. �-(�-Glutamyl)
lysine staining provided a very similar immunostaining pat-
tern to that of tTg. In normal kidneys, �-(�-glutamyl) lysine
staining was minimal in either the glomerular or tubular com-
partments (Figure 4, E and F). Discrete and weak staining was
noted in the glomerular mesangium and around the tubules. In
diseased kidneys, extensive immunostaining was observed in
the interstitium, which was particularly associated with exten-
sive areas of scarring and fibrosis (Figure 4, G). This staining
pattern appeared to be predominantly extracellular, although

intracellular staining was also clearly visible. There was also a
notable increase in the immunostaining for �(�-glutamyl) ly-
sine crosslink within the mesangium (Figure 4, H).

Figure 2. Bar graph illustrating point counting analysis (%) of soluble
tissue transglutaminase (tTg) staining on fixed paraffin sections in
both the tubular and glomerular compartments in diseased and normal
biopsy tissue samples. Data represent mean point count score (%) �
SD. n � 5 for control and n � 86 for diseased samples. *P � 0.05.

Figure 1. Representative photomicrographs of soluble tissue transglutaminase staining on fixed paraffin sections. (A) Control kidney. (B
through D) Scarred kidneys showing increased staining, particularly in areas of hypercellularity in the mesangium (arrow 1) and in proximal
tubule cells (arrow 2). Magnification: �100 in A and B, �400 in C (glomerular), and �200 in D (cortex tubulointerstitium).
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Quantitation of Insoluble tTg and �-(�-Glutamyl)
Lysine

Semiquantitation of the overall insoluble tTg and �-(�-glu-
tamyl) lysine crosslink staining by measuring the emission
intensity of the Cy5 label at 665 nm by confocal microscopy
revealed a significant increase in the diseased and scarred

kidneys compared with controls when the data from the various
pathologies were combined (Figure 5). This indicated a 14-fold
increase in overall renal insoluble tTg staining and an 11-fold
increase in �-(�-glutamyl) lysine crosslink staining. If tTg and
�-(�-glutamyl) lysine crosslink immunostaining are broken
down into individual disease states (Figure 5), it initially ap-

Figure 3. Representative pictographs of insoluble tissue transglutaminase staining on unfixed cryostat assessed by light microscopy. (A) Control
kidney (magnification, �100). (B through D) Diseased kidneys showing increased periglomerular (arrow 1), mesangial matrix (arrow 2), and
interstitial (arrow 3) staining. Magnification, �100 in A, �400 in B (glomerular), �200 in C (medulla tubulointerstitium), and �400 in D
(cortex tubulointerstitium).

Figure 4. Representative photomicrographs of staining (Cy5; red) for insoluble tissue transglutaminase (tTg) and �-(�-glutamyl) lysine
crosslink on unfixed cryostat sections assessed via confocal microscopy. (A through D) Stained for insoluble tTg. (E through H) Stained for
crosslink. (A, B, E, F) Control kidneys. (C, D, G, H) Diseased kidneys showing increased staining in the expanded interstitium (arrow 1), the
mesangium (arrow 2), and periglomerular (arrow 3). Magnification, �400.
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Figure 5. Semi-quantitation of whole biopsy insoluble tTg (A), crosslink (B), and Masson Trichrome staining (C) in normal and diseased kidney
biopsies by diagnosis. tTg and crosslink were determined by confocal microscopy using Cy5 emission intensity at 665 nm and Masson
Trichrome by point counting. Data represent mean � SD. n � 5 for control and n � 136 for diseased biopsies.
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pears that certain conditions have considerably higher levels of
tTg and �-(�-glutamyl) lysine crosslink staining than others.
However, the use of point count analysis of Masson trichrome–

stained sections as a measure of interstitial fibrosis clearly
reveals large differences in the degree of scarring between the
various pathologies. Consequently, disease entities exhibiting

Figure 6. Correlation plots revealing an exceptionally high level of correlation with insoluble tTg and �-(�-glutamyl) lysine.
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higher levels of scarring also have higher levels of tTg and
�-(�-glutamyl) lysine crosslink immunostaining. This demon-
strates that differences in tTg and �-(�-glutamyl) lysine
crosslinking between groups are dependent on the severity of
renal scarring and the associated interstitial fibrosis.

tTg, �-(�-Glutamyl) Lysine, and Renal Scarring
To correct for the wide range of pathologic changes and

severity seen within the renal biopsy samples of patients with
CRD, a series of correlations with morphologic and functional
parameters of disease progression was performed.

Tubulointerstitial fibrosis (Masson trichrome staining)
showed an exceptionally high level of correlation with both
insoluble tTg (R2 � 0.92, P � 0.001) and �-(�-glutamyl) lysine
(R2 � 0.86, P � 0.001), as measured by emission intensity
(Figure 6, B and C). When this correlation was repeated by
using soluble tTg in the tubular compartment (point counted)
against tubulointerstitial fibrosis, a similarly high (R2 � 0.89,
P � 0.001) correlation was noted (Figure 6, A). Correlations
between total insoluble tTg and �-(�-glutamyl) lysine with
tubular atrophy again were strongly positive (R2 � 0.69 and
0.62, respectively P � 0.01).

Although we do not have specific confocal microscope
measurement of glomerular staining for insoluble tTg and

�-(�-glutamyl) lysine, when we correlated whole-kidney mea-
surements of these parameters with glomerulosclerosis, we
noted significant positive correlations (insoluble tTg, R2 �
0.56, P � 0.001, and �-(�-glutamyl) lysine, R2 � 0.51, P �
0.001). However, a higher correlation was detected between
glomerular soluble tTg quantitated by point count analysis and
glomerulosclerosis (R2 � 0.77, P � 0.05). Subclassification of
the diseases into proliferative and nonproliferative diseases
showed better association of glomerulosclerosis in proliferative
compared with nonproliferative conditions with soluble Tg,
insoluble tTg, and �-(�-glutamyl) lysine (proliferative, R2 �
0.81, 0.62, 0.58, all P � 0.01, versus nonproliferative, R2 �
0.43, P � 0.05, 0.28 [NS], 0.29 [NS], respectively).

Interestingly, there was a strong correlation between mes-
angial proliferation and soluble glomerular tTg (R2 � 0.73, P
� 0.001), although this did not hold for �-(�-glutamyl) lysine
and insoluble tTg. In proliferative diseases, there was a mar-
ginally better association of soluble tTg with mesangial pro-
liferation than in nonproliferative diagnosis (0.76 versus 0.63,
P � 0.05). This supports the observation of increased soluble
tTg staining in areas of mesangial hypercellularity.

Correlating insoluble tTg and crosslink with serum creati-
nine showed some association (R2 � 0.46, 0.47, respectively,
P � 0.05), as did correlations with serum urea (R2 � 0.41,
0.44, respectively, P � 0.05). When these two markers of
function where correlated against soluble glomerular tTg, no
significant correlation was noted.

Transglutaminase In Situ Activity
In 33 patient biopsy samples (amyloidosis 2, CGN 3, ESRD

8, FPGN 1, MCGN 9, MN 4, MPG 6) and five control samples,
fluorescence from the incorporation of the labeled Tg substrate
cadaverine was used to determine the level of Tg activity. This
demonstrated a sixfold increase in insoluble Tg activity (Figure
7) that was inhibited by the addition of the Tg inhibitor
cystamine. Localization of Tg activity was difficult because of
loss of morphology during the procedure, but appeared to be
consistent with that seen for insoluble tTg and crosslink (Fig-
ures 3 and 4). There was a significant correlation (R2 � 0.65,
P � 0.01) between Tg in situ activity and the level of inter-
stitial fibrosis (Masson trichrome staining) (Figure 8) from
mild to severe scarring.

tTg In Situ Hybridization
To determine whether the changes in tTg were mRNA

dependent, we carried out in situ hybridization on 46 patient
biopsy samples. In normal samples, tTg mRNA levels were
below or on the threshold for detection (Figure 9, A and B);
however, in scarred kidney, the tubular epithelial cells (Figure
9, C) and glomerular mesangial cells (Figure 9, E) showed a
marked upregulation irrespective of the original etiology. A
particularly striking visualization of tTg mRNA occurred in
glomerular crescents (Figure 9, F). Some interstitial staining
was observed (Figure 9, D) in most samples; however, it was
not possible to assign it to a specific cell type.

Figure 7. Bar graph revealing quantitation of whole-biopsy-sample in
situ tissue transglutaminase activity by confocal microscopy by means
of Cy5 emission intensity at 665 nm. Data represent mean Cy5
emission � SD. n � 3 for control and n � 33 for diseased samples.
Tg, transglutaminase; Cys, cystamine (Tg inhibitor).

J Am Soc Nephrol 14: 2052–2062, 2003 Tissue Transglutaminase and Chronic Renal Failure 2059



Discussion
In the study presented here, we have investigated for the first

time the association between tTg and the severity of renal
scarring and fibrosis in patients with a range of etiologies.
Previous studies conducted in experimental models of diabetic
(26) and nondiabetic (8,9) renal scarring have implicated this
enzyme in the crosslinking of the renal ECM, accelerating
deposition and conferring resistance to the proteolytic activity
of renal metalloproteinases (8). In addition, we have previously
suggested that this enzyme may also contribute through intra-
cellular cytoplasmic crosslinking to tubular cell death (9).
Evidence presented here is based on the study of human
nephropathies and demonstrates a strong association between
renal fibrosis and the expression of tTg and its crosslink
product, the �(�-glutamyl) lysine isopeptide.

We have demonstrated an upregulation of soluble and insol-
uble tTg within the kidneys of patients who experienced a wide
range of nephropathies in both the glomeruli and tubulointer-
stitium. As expected, the soluble component of the enzyme was
primarily located intracellularly, whereas its insoluble counter-
part was detected extracellularly in a periglomerular and peri-
tubular distribution. The intracellular distribution of soluble
tTg was predominantly within mesangial and tubular cells. In
the mesangium, staining was more marked in areas of mesan-
gial proliferation and hypercellularity. This was confirmed by
a close correlation between mesangial cellularity scores and the
intensity of the soluble tTg immunostain as measured by point
counting, which were shown to be stronger in proliferative than
nonproliferative disorders when diseases were subcharacter-
ized. It is of note that the mesangial cells bear strong similar-
ities to vascular smooth muscle cells (27). In addition, activa-
tion of mesangial cells is known to be associated with their
transdifferentiation into a myofibroblastic phenotype sharing
characteristics with smooth muscle cells and fibroblasts (28).
Vascular injury and atherosclerosis associated with smooth

muscle cell proliferation has been associated with the upregu-
lation of tTg within these cells (29). Fibroblasts are also known
to express tTg. It is therefore not too surprising that mesangial
cell proliferation and activation are associated with an upregu-
lation of this enzyme. Also, the upregulation of tTg expression
and mRNA within glomerular epithelial crescents may reflect
its synthesis by proliferating parietal epithelial cells, mono-
cytes, or fibroblasts because all of these cell types have been
detected within glomerular crescents and are known sources of
tTg. In fact, many of these cells may originate from transdif-
ferentiation of the glomerular epithelial cells themselves (30).

The precise role of tTg within proliferating, injured, or scarred
glomeruli remains to be determined, although its regulation is
likely a response to chronic cell trauma. One could speculate that
the translocation of this enzyme into the extracellular mesangial
space may play a role in the irreversible crosslinking of the
collagenous mesangial matrix and may contribute to mesangial
sclerosis that is often the forerunner of glomerulosclerosis. In
support of this hypothesis, we detected both tTg and its crosslink
product within mesangial areas, with a correlation between the
amount of glomerular enzyme and glomerulosclerosis.

The tubular and peritubular distribution of tTg within dis-
eased kidneys is reminiscent of our observations in the remnant
kidneys of rats submitted to subtotal nephrectomy (8,9) and
those with streptozotocin-induced diabetic nephropathy (26). It
suggests similar mechanisms of action of tTg during the course
of human renal scarring compared with that of experimental
animals, including intracellular upregulation of the enzyme, its
extracellular translocation, and its crosslinking of substrates in
a peritubular and periglomerular distribution suggestive of an
ECM target. In the periglomerular and peritubular spaces, the
distribution of the enzyme is similar to that of myofibroblasts
as well as the deposited ECM. Fibroblasts are known to release
tTg, and ECM is known to bind the enzyme and act as a
substrate for its crosslinking activity (7,11,31,32). However,

Figure 8. Correlation plot of interstitial fibrosis (Masson trichrome staining) in renal biopsy samples with transglutaminase in situ activity. Tg,
transglutaminase.
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although we show increased mRNA expression in the intersti-
tial cells that was noticeably greater than in remnant kidneys,
the contribution of this toward the total tTg pool is still mini-
mal when compared with that of tubular cells (8,9). Therefore,
although myofibroblasts may contribute significantly to the
level of ECM components available for deposition during renal
scarring (33–35), it is the perturbation of tTg production and its
release by tubular cells that is likely to lead to the enhanced
levels of �(�-glutamyl) lysine found in the ECM both in human
as well as in experimental scarring (8,9). Of particular rele-
vance is the observed close association and correlation between
tTg and interstitial fibrosis, with an extremely high predictive
value for the presence of tTg extracellular crosslink products
and that of histologic abnormality. This may merely reflect the
binding of this enzyme to the ECM as well as a possible
pathogenic role in the development of renal fibrosis.

Finally, interstitial fibrosis is often associated with a heavy
monocytic infiltrate. Monocytes are also known to be a source
of tTg (36) and may therefore contribute to the pool of inter-

stitial cells producing this enzyme and contributing to intersti-
tial fibrosis. A close temporal association is known to take
place between interstitial monocytic infiltration and interstitial
fibrosis (1). This may reflect that monocytic tTg has been
ascribed roles in latent TGF-�1 activation during inflammation
and scarring (37), receptor-mediated endocytosis (38), and the
adhesion and migration of monocytes (39).

tTg is potentially a potent fibrogenic enzyme capable of
contributing to increased ECM deposition via a mechanism
involving inter molecular crosslinking of matrix proteins lead-
ing to resistant to MMP and collagenases (7,8,40). This en-
zyme also has the capacity to bind TGF-�1 to ECM and the
cell surface, thus facilitating its activation (18,19,41). The high
correlation of both tTg and �(�-glutamyl) lysine to disease
progression that is irrelevant of etiology coupled with our
development of urine assays makes these ideal candidates for
noninvasive markers of renal scarring. In this study, we pro-
vide strong evidence to support the hypothesis that tTg is
associated with progressive scarring and fibrosis in human
renal disease and that tTg and �(�-glutamyl) lysine are poten-
tial biochemical markers of chronic renal scarring.
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