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Antagonistic pleiotropy

Fibrosis is the endpoint of renal disease and targeting thereof is the central subject of this thesis. 
Fibrosis is not unique to the kidney, but occurs in virtually every organ in an approximately 

similar fashion (1). When maladaptive, fibrosis causes loss of organ function. Extrapolating from 
the wound healing response, the acute phase of renal injury can be regarded as the infiltrative 
phase that is followed by a regenerative phase and thirdly a remodelling phase that normally 
diminishes over time, but in the case of chronic kidney disease (CKD) ensues. A notion that is 
backed by the fact that CKD is linked to a continuous systemic inflammatory state in patients (2).
An interesting almost philosophical question is why fibrosis occurs in the first place. The answer seems 
to lie in antagonistic pleiotropy, a concept first described in 1957 that encompasses the idea that every 
advantage holds certain disadvantages in the context of evolution (3). One of the oldest and most 
famous examples of antagonistic pleiotropy is the disease condition called sickle cell anemia (4). This 
disease is characterized by misshapen erythrocytes, a feature that, although severely disabling, offers 
protection from malarial infection. Fibrosis is also regarded as a result of antagonistic pleiotropy (5, 6). 

Early vertebrates such as salamanders have a less well developed immune system which 
is associated with better regenerative capabilities (7). Furthermore, skin wounds heal residue-free 
at early stages of gestation in mammals, a feature lost later in life in parallel with immune system 
maturation (8). In higher vertebrates such as humans, it is now becoming widely recognized that 
early inflammation and immune cell infiltration is causative of acute kidney injury (AKI) (9), with the 
macrophage being most notorious with regards to AKI to CKD progression (10). Indeed macrophage 
depletion reduces ischemia reperfusion induced AKI development and subsequent CKD development 
in experimental models (11, 12). Translated to CKD it can be argued that, from an evolutional 
perspective, the detrimental loss of organ function due to overenthusiastic wound healing response 
is the unavoidable trade-off of an advanced immune system mediating quick fibrotic organ repair 
during early reproductive life. In other words, longevity in function is sacrificed for a greater chance 
of survival/recovery in earlier, reproductive stages of life. However, rapid environmental changes, in 
particular improved health care, have reduced the need for maximal wound healing response, that the 
benefits thereof are now outweighed by its threats in the context of increasing risk factors for CKD 
and cardiovascular disease. As such, the evolutionary early benefit no longer outweighs the late cost.  
	 However, it is apparently possible in mammals with highly developed immune systems 
to fully regenerate without fibrosis. The search for reversibility of fibrosis started with two 
hallmark papers which show that, in type I diabetic patients with manifest diabetic nephropathy and 
accompanying glomerulosclerosis and tubulointerstitial fibrosis, fibrosis regressed after pancreas 
transplantation (13, 14). This shows that renal fibrosis is reversible under the right circumstances. 

Prologue  Antagonistic pleiotropy 
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Chronic kidney disease is a major health burden

Ever since Richard Bright and F. Theodor von Frerichs published their detailed description of kidney 
diseases in the 19th century, the diseased kidney and potential therapy thereof have been subjects 

of extensive investigation (1, 2). This investment of time and effort in kidney research has led to 
better overall survival from historically fatal renal illness, but an unequivocal worldwide rise in both 
prevalence and incidence of chronic kidney disease (CKD) is also evident (3, 4). The United States renal 
data System annual report of 2013 reports a CKD incidence of approximately 14% in the adult general 
population with CKD stage 3 having risen from 4.5% in 1988 to a current prevalence of 6% (5). In 
the Netherlands, prevalence of CKD is estimated to be around 7% (6). Furthermore, in both countries, 
the prevalence of CKD was highest in patients aged 60 and higher (26% and 30% respectively). This 
increased prevalence of CKD is multifactorial, but transgression from acute (no longer lethal) kidney 
disease to CKD, an increasing elderly population, and a detrimental lifestyle are major contributors.  
CKD is accompanied by a high burden of co-morbidity and loss of quality of life, eventually resulting in 
end stage renal disease and ultimately in death (7, 8). To increase treatment efficacy of CKD, a profound 
understanding of CKD pathophysiology is needed to find appropriate leads for interventional strategies.  

Pathophysiology of CKD as foundation for interventional strategies

Chronic kidney disease is defined as a chronic state of reduced renal function and/or structural renal 
damage. Parenchymal scarring with tubulointerstitial fibrosis or glomerulosclerosis, is pathognomonic 
for CKD, and fibrogenesis is often considered the main driving force of CKD progression (9). To 
what extent fibrosis is actually the culprit or a secondary response to a severe incapability of 
kidney cells to proliferate and reconstitute lost kidney tissue however is debatable (10, 11). During 
transition from acute kidney injury to CKD, the fibrosis is in itself not intrinsically progressive and 
needs continuous stimulation to progress (12). Initial observations showed that glomerulosclerosis 
in diabetic nephropathy could be reversed (13), and reversibility of kidney fibrosis in general is 
now slowly becoming accepted (14). This suggests that halting fibrogenesis might not be the most 
effective approach. Even more so given the self-limiting nature of fibrosis when the underlying 
stimulus is targeted as seen during diabetic nephropathy. Furthermore, a factor potentially complicating 
interventional strategies in fibrogenesis is the altered matrix metabolism associated with ageing (15).
	 Other pathophysiological stimuli that underlie CKD development and progression to which 
fibrogenesis is secondary involve capillary rarefaction, hypoxia, cell-cycle arrest and DNA damage, 
autophagy, tubular atrophy and impaired regeneration (16-21). As such, these processes might 
qualify as alternative starting points for therapeutic intervention ultimately yielding better outcome.  
	 A multitude of other potential interventions to improve CKD outcome have been 
proposed, of which safety and efficacy is being tested (14, 22, 23). For instance Bone Morphogenetic 
Protein (BMP)/TGFβ interaction have been subject of study (24), and exogenous administration 
of recombinant BMP7 has been shown to counteract TGFβ mediated kidney fibrosis (25).
Alternatively, during AKI, mTOR inhibition with Rapamycin delays recovery (26), but 
inhibition of mTOR once AKI has subsided might actually prevent development of CKD (27). 
Therapeutic use of Rapamycin is frequently accompanied by side effects (28). Therefore, 
alternative administrative strategies reducing systemic exposure might prove clinically useful. 
Tamoxifen is a widely used selective estrogen receptor modulator (SERM), and scarce 
evidence exists that Tamoxifen protects against chronic renal damage (29). Furthermore, 
Tamoxifen is a widely used experimental tool to accomplish genetic recombination in 
genetically modified mice. Given the potential anti-fibrotic properties of Tamoxifen, the use 
of this biochemical during animal experiments aimed at studying fibrotic disease is debatable. 
	 In the first part of this thesis, several pathophysiological mechanisms underlying chronic 
kidney disease are analyzed. Alterations in renal pathophysiology in the context of intervention by means 
of BMP7 administration, targeted Rapamycin delivery or Tamoxifen pre-treatment are then described. 
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Connective Tissue Growth Factor in CKD

Connective Tissue Growth Factor, (CTGF) is a protein that holds a central role in 
the regulome during fibrotic development in many organs as is depicted in Figure 1. 
Initially, CTGF was identified via differential display as a gene overexpressed in atherosclerotic plaques 
and in high glucose treated glomerular mesangial cells plaque hybridization. It was characterized as 
an immediately early gene in mouse fibroblasts exposed to fetal calf serum and appropriately dubbed 
fibroblast serum protein 12 (fisp-12; sample A12 in the phage assay) (30, 31). Few months later, the 
human variant CTGF was identified independently, and functionally characterized as a factor harboring 
potent mitogenic and chemotactic properties (32). Since then, it has rapidly become evident that CTGF 
is both a rapid responder during tissue damage and a major determinant of the balance between the 
ensuing regenerative and fibrotic responses. CTGF has been shown to be a mediator of angiogenesis 
(33), hypoxia (34), and a regulator of proliferation (35, 36), inflammation (36), and autophagy (37), 
phenomena which all occur simultaneously during development of CKD. In light of this, CTGF inhibition 
might not only prove to potently reduce fibrosis, but also lead to better renal outcome with regards to 
GFR, endocrine function, blood pressure regulation and electrolyte/phosphate homeostasis by targeting 
these pathophysiological phenomena all at once.  The second part of this thesis involves in depth analysis 
of CTGF involvement in kidney disease and the alteration of pathophysiology upon CTGF intervention.

Figure 1. (A) Factors interacting with CTGF and (B) downstream regulatory 
effects (figure as published in Nephrology Dialysis and Transplantation, 2014 (38)).  

1
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Outline of thesis

Part 1:
The first part of the thesis focuses on the identification of patients at risk, pathological mechanisms 
and associated therapeutic targets. Chapter 2 describes a histological scoring method capable of 
predicting development of CKD after renal transplantation. Chapter 3 addresses the predictive value of 
increased plasma CTGF levels and the occurrence of cardiovascular events (morbidity and mortality). 
In Chapter 4, the origin of the myofibroblast, the cell type considered largely responsible for renal 
fibrogenesis, is discussed followed by a section providing therapeutic targeting strategies based upon 
these origins. Chapters 5 and 6 describe interventional studies aimed at combating CKD by targeted 
Rapamycin delivery, or Tamoxifen treatment respectively in animal models of renal injury. In Chapter 
7, evidence is provided that suggests BMP7 exerts anti-fibrotic effects in a CTGF dependent fashion. 

Part 2:
The second part describes research performed in order to 1) unravel the functionality of CTGF 
during the chronic response to renal injury, and 2) determine the feasibility of targeting CTGF as 
an interventional strategy. This is ultimately combined with a general discussion linking both the 
former and the latter parts of this thesis. Chapter 8 provides a general introduction further outlining 
the functions of CTGF, and reviews experimental work performed regarding CTGF intervention. A 
section addressing Platelet Derived Growth Factor (PDGF) and Epidermal Growth Factor (EGF), 
two alternative driving forces in CKD progression, complements the former. Chapter 9 describes 
how 50% CTGF reduction is insufficient to reduce disease progression in severe models of CKD. 
Chapter 10 shows that CTGF reduction below baseline levels is renoprotective with regards to 
fibrogenesis even in a severe model of CKD and that CTGF silencing is associated with reduced 
lymphangiogenesis. Additionally, it is shown that CTGF actively increases expression but halts 
biological functionality of VEGF-C, a major driving force of lymphangiogenesis. In Chapter 
11, we identify a shift in CTGF/BMP6 ratio as a potential driving force underlying an age related 
differential response to kidney injury. Finally, Chapter 12 is an overarching discussion of the 
novel insights gained in this thesis including opportunities for implementation and follow-up.

Chapter 1  General introduction
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Abstract:

Introduction: Acute Tubular Injury (ATI) is a common cause of Delayed Graft Function (DGF) after renal 
transplantation (RTX). Currently no histological model is available to predict renal outcome. Recovery 
of ATI is the result of the balance between damage and repair. In this study we evaluated the prognostic 
value of morphological and immunohistochemical parameters of renal damage and regeneration. 
Methods: 25 RTX patients with DGF caused by ATI only were evaluated retrospectively. Biopsies were 
evaluated for histological tubular damage by our newly developed histological damage score (atrophy, 
edema, casts, vacuolization and dilatation) by three independent blinded observers thus allowing for 
determination of reproducibility by inter-observer variation. By staining for stem cell marker CD133 
and proliferation marker Ki67, regenerative potential was assessed. The correlation between these 
parameters and renal outcome was assessed individually as well as a combined, because damage may 
be a confounder for regeneration. The correlation of the histological score and renal outcome was 
compared to that of clinical parameters as previously described in the Deceased Donor Score (DDS).  
Results: Our newly developed histological damage score was highly reproducible, and significantly 
correlated to renal outcome (R= -0.55, P<0.01). The magnitude of correlation was similar to the 
correlation between the DDS and renal outcome (R=-0.52, P<0.01). Of individual parameters of 
the DDS however, only donor age correlated significantly (R=-0.60, P<0.01). The investigated 
parameters for regeneration (CD133 and Ki67) did not correlate to renal outcome (R= -0.25, 
P=0.23 and R= -0.10 P= 0.63 respectively), even after correction for histological renal damage.  
Conclusion: We have developed a reproducible histological score that significantly and 
superiorly predicts renal outcome after post transplantation ATI as compared to clinical 
parameters. Despite the crucial role of regeneration in recovery after ATI, we did not find a 
correlation between stem cell marker CD133, proliferation marker Ki67 and renal outcome.

Histological damage predicts renal outcome of DGF  Chapter 2
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Introduction

Acute Kidney Injury is a major clinical problem, afflicting as much as 20% of hospitalized patients 
with acute illness and more than 50% of patients in the ICU worldwide, with up to 20-40% of 

these patients requiring dialysis (1, 2). In addition, the amount of patients with acute kidney injury 
requiring renal replacement therapy continues to rise (3-5). Acute Tubular Injury (ATI) is the most 
prevalent cause of acute kidney injury. Although reversible in many cases, ATI is associated with an 
increased risk of progression to Chronic Kidney Disease (CKD). The balance between inflicted damage 
and ensuing regeneration determines renal function after ATI. Unraveling the cells and mechanisms 
involved in this balance helps understanding the pathophysiology of reversible ATI which can facilitate 
the development of new diagnostic and even therapeutic strategies in this prevalent condition (6-8).  
	 In renal biopsies ATI is characterized by specific immunohistochemical changes of the 
tubuli (9). After loss of brush border and non-isometric cytoplasmic vacuolization, cells either lose 
fragments of their cytoplasm or detach entirely into the lumen producing the characteristic casts 
causing obstruction, which is thought to contribute to the tubule dilation (10-12). As a result of the 
obstruction and parallel development of inflammation, fluid oozes through tubule epithelium and 
the basal membrane causing interstitial edema. Finally, tubular atrophy and interstitial fibrosis arise, 
leading to a chronic phase of renal functional impairment (13). This chronic phase is characterized by 
a vicious circle, during which continuous tubule atrophy, fibrosis and glomerulosclerosis ultimately 
cause end stage renal disease  (14). Simultaneously, the regenerative response starts almost instantly 
after the damage has been inflicted and involves the proliferation and differentiation of surviving renal 
tubular cells that express immature markers like CD133 and markers of proliferation like Ki67(15-
17). As such, the number of CD133+ cells has been shown to be increased after post-transplant ATI 
(17). Although it is still disputed whether cells expressing these markers are consistently present renal 
progenitor cells or dedifferentiated mature tubular cells, it is generally accepted that (dedifferentiated) 
proliferating cells with an immature phenotype play an important role in recovery after injury (18, 19). 
	 Despite substantial knowledge about morphological changes and regenerative mechanisms 
following renal injury in animal models, no histological model is currently available that predicts renal 
outcome after ATI in humans. We hypothesize that histological and immunohistochemical parameters 
for ATI and regeneration correlate to renal outcome. For this purpose we evaluated biopsies of patients 
who suffered from ATI 1 week after renal transplantation (RTX) (20). ATI after RTX is an excellent 
human model for ischemic ATI as it is very similar to non-transplant ATI with rather standardized 
ischemic damage in a homogenous clinical situation, given that other causes of DGF are excluded 
(21). Histological and immunohistochemical parameters of damage and regeneration were correlated to 
renal outcome, defined as speed of recovery as well as eGFR at 6 months, prognosticators of long-term 
renal transplant function (22, 23). The strength of the correlation of parameters to renal outcome was 
evaluated by comparing it to the well-established clinical prognostic parameters described by Nyberg 
et al. (24, 25). A model that correlates histological and immunohistochemical characteristics to renal 
outcome will not only provide a powerful tool to for prognostication but will also provide insight into 
the cells and mechanisms involved in renal damage and regeneration as an important step towards 
the development of new therapeutic strategies to limit renal damage and enhance renal regeneration.
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Materials and methods

Renal transplant patients 
We retrospectively evaluated all patients aged over 18 who received a Non-Heart Beating type III 
donor kidney in our institution since 2005 (26), and were biopsied 5-9 days after RTX because of 
DGF back to 2005. DGF was defined as the need for dialysis in the first week post-transplantation. 
All patients with DGF due to ATI only were included. Biopsies showing concurrent kidney 
pathology, e.g. acute rejection and tubulointerstitial nephritis, in renal biopsy at 7 days after RTX 
or during the 6 months follow up were excluded, because of the interference between parameters 
of ATI damage and regeneration 7 days after RTX and renal function 6 month after RTX.  
In order to compose a deceased donor score (DDS) similar to the score described by Nyberg 
et al. (25, 27), the following parameters were collected: donor age, gender, cause of death, 
end point creatinine, CMV status, cold ischemia time, side of kidney (left vs right), as well as 
recipient: age, gender and number of HLA mismatches. Donor history of hypertension yielded 
too many missing data points to compose the full Nyberg DDS score for the entire group.  
	 According to protocol renal biopsies were taken approximately 7 days after RTX when 
the transplanted kidney had not regained function at that time, after informed consent of the patient. 
54 Patients were selected. Of these, we excluded 29 patients: 20 patients because of other kidney 
pathology in the biopsy, 1 was excluded because of loss to follow-up, 1 because no material was 
available and 7 were excluded because they developed kidney pathology not related to the ATI 
injury within 6 months after transplantation therefore obscuring the relation between the findings in 
the renal biopsy at one week and renal function at 6 months (Supplemental Figure 1). All patients 
received a combination of prednisolone, tacrolimus and mycophenolate mofetil as standard 
immunosuppressive therapy in our institution. This study was performed according to the ethical 
guidelines of the UMC Utrecht. In the Netherlands, the use of left over material for scientific purposes 
is included in standard treatment contract and no additional informed consent is required (28).  
	 Renal outcome was defined as estimated Glomerular Filtration (eGFR) at 6 months after RTX, 
as recovery DGF due to ATI is thought to be resolved at this time and stable situation is reached. eGFR 
was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula (29). 
Serum creatinine levels were assessed by colorimetric enzymatic assay (Beckman Coulter, Brea, CA). 
During clinical recovery creatinine levels were measured daily and upon discharge every other week.

Histochemistry
An ultrasound-guided 22 mm biopsy was taken from the renal cortex using a 16 Gauge needle. Renal 
biopsies were formalin fixed and paraffin-embedded (FFPE) using standard procedures. For all 
staining procedures 3µm sections were cut, deparaffinised with xylene and rehydrated with a 100%, 
96% and 70% ethanol sequence. Once rehydrated, sections were stained with periodic acid-Schiff 
(PAS) or haematoxylin and eosin (H&E) using standard procedures. Assessing the amount of chronic 
damage in renal biopsies is standard practice in our institute. From the diagnostic pathology reports, 
we extracted data describing the amount of glomerular sclerosis, tubular atrophy, interstitial fibrosis 
and arterial/arteriolar narrowing and created a composite score as described by Remuzzi et al. (27).  
	 For the histological damage score (HDS), PAS stained slides were scored for ATI by 
three blinded and independent observers, two in the UMCU and one in the AMC. Damage in 
cortical tissue was assessed by scoring (A) tubular dilation, (B) tubular atrophy, (C) tubular edema, 
(D) tubular cell vacuolization and (E) casts as a percentage of the total biopsy. A score between 0 
and 5 was given to each of these parameters (0= 0-1%, 1= 1-10%, 2= 10-25%, 3= 25-50%, 4= 50-
75% and 5= 75-100%) with the percentage describing affected cortical area per biopsy for A, B, 
C, D or E respectively. Aggregation of individual parameters was performed to generate the HDS. 
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CD133 and Ki67 Immunohistochemistry
Endogenous peroxidase was blocked by H202 incubation followed by antigen retrieval by boiling 
in EDTA pH 9 or Citrate pH 6 followed by overnight incubation at 4°C with mouse anti-CD133 
(1:10; AC133, Miltenyi, Bergisch-Gladbach, Germany), 1h at room temperature with rabbit anti-
Ki67 (1:200; SP6, Thermo-Fisher, Waltham, USA). After thorough rinsing with PBS, sections were 
incubated with Brightvision Alkaline-Phosphatase linked secondary antibodies (Immunologic, 
Duiven,the Netherlands) according to initial primary antibody species. For CD133 and Ki67 
quantification, biopsies were blinded and 10 high power fields (HPF) per biopsy (200x magnification) 
were studied by two independent observers. The number of immunopositive tubular cells or nuclei 
respectively were counted and averaged per biopsy and expressed as average +/- standard deviation. 

Statistics
Intergroup difference was compared with the Student’s t-test or the Wilcoxon rank-sum test where 
appropriate. Correlations between continuous and/or ordinal variables were tested using linear regression 
or Spearman’s Rho where appropriate. Continuous variables were assessed for normality using P-plots, 
histograms and the Shapiro-Wilk test. Highly skewed variables were analyzed via non-parametric 
tests or bootstrapping. Statistical correction for possible confounders was performed via hierarchical 
multiple regression. Using multiple linear regression in multivariate analysis, continuous outcomes 
were predicted. Logistic regression was used in multivariate analysis for predicting dichotomous 
outcome. Ordinal variables where coded using polynomial contrast coding when added in a multiple 
or hierarchical regression model. Kaplan Meier analysis was performed by dividing HDS group in two 
split along the average of 7. Statistical significance in days regaining an eGFR above 30 or 45 between 
HDS, Ki67 or CD133 groups respectively was tested using Log rank analysis. P-values below 0.05 
were considered statistically significant. For multivariate analysis Cox logistic regression analysis was 
performed using donor age, and Remuzzi score as co-variates. Missing values were analyzed via pair-
wise exclusion. Statistical analysis was performed with SPSS for Windows version 20.0.0. Interobserver 
variation was statistically tested with Kendall’s coefficient of concordance by using statistical program R.
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Results
Clinical characteristics and renal outcome after DGF due to ATI
Baseline characteristics of the 25 RTX patients that met our inclusion criteria are shown in Table 1. In addition, 
the eGFR at 6 months after renal transplantation is shown as well as the correlation between clinical donor 
characteristics (Deceased Donor Score, DDS) and histological parameters for chronic damage (Remuzzi 
score) are shown. In our population the DDS score correlated  significantly to renal outcome (R=-0.52, 
P=0.01). Of the individual parameters of the DDS score, donor age, recipient age and the number of HLA 
mismatches correlated to renal outcome (Table 1) (25). Using multivariate analysis however, donor age 
was the only correlate when corrected for either recipient age (p=0.025), or number of HLA mismatches 
(p=0.016). Finally, the Remuzzi score did not relate to renal outcome (R=0.04, p=0.86; Table 1).  

HDS scoring has a low interobserver variability
Histological evaluation of histological damage parameters by 3 independent observers demonstrated 
a low interobserver variability. Tubular dilatation, epithelial vacuolization, intraluminal cast 
formation, interstitial edema and tubular atrophy are hallmark morphological phenomena occurring 
during ATI which were quantified by 3 blinded observers using periodic acid stained sections 
(Figure 1A). We determined interobserver variation for both the individual parameters as well 
as a combined histological damage score (HDS) using Kendell’s coefficient of concordance 
(Table 2). All parameters showed a significant interobserver agreement. From the scored 
parameters, best agreement was seen for vacuolization score (W=0.85, p<0.001), and dilatation 
score showed the worst agreement (W=0.62, p<0.001). The combination of all parameters into an 
aggregated Histological Damage Score (HDS) showed a Kendell coefficient of 0.74 (p<0.001).  
Aggregated Histological Damage Parameters correlate with eGFR at 6 month  
Next, the HDS was correlated to the estimated GFR 6 months after renal transplantation. An 

inverse correlation between the HDS and 6-month eGFR was observed (R=-0.55, p<0.01; Figure 
1B; Table 3). Of the individual parameters of the HDS, edema and atrophy correlated significantly 
to renal outcome defined as eGFR 6 months after RTX (R =-0.44, p<0.05 and R=-0.41, p<0.01 
respectively; Table 3).  Furthermore, the correlation to 6-month eGFR was strongest when all 
individual morphological damage parameters were aggregated and thus all were included in the HDS. 

Figure 1: Histological 
damage score predicts 
level and rate of renal 
recovery after DGF. 
A. Representative PAS 
stained micrographs of 
renal cortex with low and 
high HDS respectively 
(200x magnified). B. 
Pearson correlation 
between HDS and eGFR 
6 months after DGF. C. 
Kaplan-Meier one minus 
survival plot showing 
days until eGFR>30ml/
min/1.73m2 is reached; 
stratified in HDS above 
group average >7 or 
below average <7; log 
rank statistic is shown.
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Table 2: Interobserver agreement*
Characteristic W p-value†
HDS** 0.74 <0.001

Dilatation 0.62 <0.001

Vacuolization 0.85 <0.001

Casts 0.61 <0.001

Edema 0.65 <0.001

Atrophy 0.57 <0.001

* inter-observer agreement between 3 independent observers 
and 2 institutions was calculated using Kendall’s coefficient of 
concordance; 0 represents no agreement and 1 perfect agreement. 
† p-values were obtained by Kendall’s coefficient of concordance. 
Significant values are highlighted. P-values of <0.05 were consid-
ered significant. **Histological Damage Score (HDS) = Dilatation + 
Vacuolization + Casts + Edema + Atrophy

Table 1: Baseline characteristics  correlation with eGFR after 6 
months

Characteristic R p-values†, (‡)
Patients (N) 25 - -
eGFR after 6 months (ml/min/1.73 m2) 45.2±17.8 - -
Deceased donor score (Nyberg) 2.3±0.7 -0.52 0.01(-)
Donor age (yrs) * 51.9±14.2 -0.60 <0.01(0.025/0.016)
Weight donor 82.9±16.1 -0.41 0.10 (0.18)
Cause of death (CVA/other/unknown) 7/17/1 -0.11 0.33 (0.38)
CMV mismatch D+/R- 6/19 -0.08 0.75 (0.36)
Donor serum creatinine (µg/L) 78.3±22.7 -0.23 0.34 (0.89)
Side kidney (left/right) 10/8 0.09 0.71 (0.90)
Cold Ischemia Time (hours/minutes) 18h12m ± 4h18m -0.11 0.61 (0.28)
Recipient age (yrs) 56.6±12.8 -0.54 0.02 (0.38)
Recipient sex (m/f) 10/15 -0.25 0.23 (0.15)
HLA mismatches (N) 3.0 ± 1.4 -0.42 0.04 (0.47)
Remuzzi score 2.2±1.35 0.04 0.86 (0.38)
Glomerular global sclerosis& 0.71±0.15 0.149 0.48 (-)
Tubular atrophy& 0.65±0.1 -0.145 0.51 (-)
Interstitial fibrosis& 0.65±0.1 -0.145 0.51 (-)
Arterial and arteriolar narrowing& 0.28±0.09 -0.148 0.48 (-)
Values are shown as means ± SD. † P-values were obtained by linear regression; Significant values are 
highlighted. ‡ P-value corrected for donor-age with hierarchial multiple regression between parentheses. 
* Donor age was corrected for recipient age or the number of HLA mismatwwches; corresponding 
p-values are shown. & Tested with Spearman non-parametric univariate correlation
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As chronic damage and donor age might confound the correlation between histological parameters for 
acute damage as well as renal outcome, we performed multivariate analysis, with HDS and chronic 
pre-existing damage (Remuzzi) and donor age. The correlation with eGFR at 6 months however, 
remained significant after correction for donor age (Beta= -0.48, p= 0.005) and chronic damage (as 
described by the Remuzzi score; Beta= -0.56, p=0.006) or both (Beta= -0.47, p= 0.008) (Table 3). 

High HDS correlates to delayed recovery 
The HDS correlated to time to recovery of renal function (eGFR ≥30ml/min/1.73m2).  Both 
a retarded recovery and an eGFR below 30ml/min/1.73m2 at 3 and 12 months are negative 
prognosticators for graft survival (23). To analyze whether a high HDS in patients with DGF due 
to  ATI correlate to delayed recovery of renal function we dichotomized the cohort in a low and 
high HDS group.  Biopsies were dichotomized into a group with HDS above average (7, see Table 
3; n=12) and a group with HDS below average (n=13). Survival analysis, stratified in the number 
of days until an eGFR above 30/min/1.73m2 was reached by Kaplan-Meier analysis, revealed 
a faster recovery when the HDS score was below 7 (Log rank; p=0.015; Figure 1C). Additionally, 
multivariate cox regression with Remuzzi and donor age as co-variates showed that only the HDS 
was an independent predictor of recovery time to an eGFR above 30 ml/min/1.73m2  (HDS: B 
-0.295 (CI 0.58 – 0.961), Remuzzi: B -0.05 (CI 0.64 – 1.4), donor age: B -0.007 (CI 0.95 – 1.04).
 
Immunohistochemical markers of regeneration do not correlate to eGFR at 6 months
The Ki67 antigen is expressed in non-quiescent cells during all phases of the cell cycle, and as 
such has been used as a marker of proliferating cells (30). To assess the proliferative response in 
ATI mediated DGF, we quantified the number of positive tubular nuclei in our post RTX renal 
biopsy cohort (Figure 2A). Despite the crucial role of tubular cell proliferation in regeneration 
and therefore the recovery of renal function, we did not find a correlation between Ki67 staining 
and functional renal outcome defined as eGFR at 6 months (R=-0.10, p=0.63; Figure 2B; Table 4). 
	 Cluster of Differentiation 133 (CD133) is an epitope found on the glycoprotein 

Figure 2: Ki67 and 
CD133 do not predict 
renal recovery after 
DGF. A. Micrographs 
of biopsies with low 
and respectively high 
numbers of Ki67+ 
tubular cells (200x 
magnification). B. 
Pearson correlation 
between 6-month 
eGFR and the 
number of Ki67+ 
tubular cells. C. Low 
and respectively high 
numbers of CD133+ 
tubular cells (200x 
magnification). D. 
Correlation between 
6-month eGFR 
and the number of 
CD133+ tubular cells. 
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Prominin-1 and is expressed in a wide variety of stem cells (31). CD133 is present on the 
apical side of tubules and at the parietal epithelial cell’s (PEC’s) of glomeruli (Figure 2C) 
(32, 33). In the kidney, mainly CD133+ tubule cells have been shown to contribute to renal 
regeneration following ischemic injury (33, 34). In our cohort however, the number of CD133+ 
tubule cells did not correlate to 6-month eGFR (R=-0.25, p=0.23; Figure 2D; Table 4).  

Immunohistochemical markers of regeneration do not correlate to renal recovery rate
For survival analysis of days until renal eGFR recovery above 30ml/min/1.73m2, dichotomous groups 
with either low or high Ki67 and low or high CD133 were created. Next Kapplan-Meier with log 
rank test was performed. This revealed no significant difference in days when looking at high or 

Figure 2 (continued): E. Kaplan-Meier one minus survival plot showing days until eGFR>30ml/
min/1.73m2 is reached; stratified in # of Ki67+ cells above (high) or below average (low); log 
rank statistic is shown. F. Kaplan-Meier one minus survival plot showing days until eGFR>30ml/
min/1.73m2 is reached; stratified in # CD133+ tubules above (high) or below average (low); log 
rank statistic is shown.

Table 3: Correlations between renal outcome and morphological damage characteristics*
eGFR at 6 months

Characteristic Mean ± SD Median (range) R p-value† corrected 
p-value‡

corrected 
p-value††

HDS** 6.85±2.13 6.5 (4-11) -0.55 <0.01 <0.01 <0.01
Dilatation 1.85±0.79 2 (1-3.5) 0.02 0.99 0.67 0.99
Vacuolization 1.69±0.79 1.75 (0.5-3.0) -0.20 0.36 0.53 0.25
Casts 1.63±1.1 1 (0-4) -0.34 0.10 0.18 0.13
Edema 0.75±0.68 0.5 (0-2) -0.44 0.03 <0.01 <0.01
Atrophy 0.94±0.63 1 (0-2.5) -0.41 0.05 0.64 0.05
* Values shown were averaged from observations of two independent observers. **Histological Damage Score 
(HDS) = Dilatation + Vacuolization + Casts + Edema + Atrophy. † p-values were obtained by linear regression 
or spearman’s rho where appropriate. Significant values are highlighted. p-values of <0.05 were considered 
significant. ‡ corrected for donor-age with hierarchical multiple regression. †† corrected for Remuzzi score 
with hierarchical multiple regression

Table 4: Association between eGFR at 6 months and regenerative characteristics* 
Characteristic mean ± SD R p-value†
Tubular CD133 (cells) 35.5 ± 29.4 -0.25 0.23
Tubular Ki67 (cells) 37.4 ± 20.8 -0.10 0.63
* Values are shown as mean ± SD. Values are average number of cells per high powered field averaged from 
observations of two independent observers. † p-values were obtained by linear regression. Significant values are 
highlighted. P-values of <0.05 were considered significant. 
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low Ki67 expression for obtaining an eGFR equal to or above 30 ml/min/1.73m2 (P=0.28, Figure 
2E). When looking at CD133 there was no significant correlation between recovery time (defined 
as time to eGFR above 30 ml/min/1.73m2) and CD133 positive tubular cells (P=0.24, Figure 2F). 
Immunohistochemical parameters of regeneration do not correlate to renal outcome in the context of 
histological damage
The amount of damage might confound the correlation between parameters of regeneration and renal 
eGFR at 6 month, concealing a correlation between the latter two.  Insufficient regeneration as response 
to a certain amount of damage might cause a worse outcome. To evaluate the latter hypothesis, we 
compared the relation between parameters of renal damage (HDS) and regeneration (CD133 and Ki67) 
in the patients with the best  (eGFR>45ml/min/1.73m2 at 6 months, n=13) and worst functional renal 
outcome (eGFR<45ml/min/1.73m2 at 6 months, n=12). In graphs plotting Ki67 or CD133 against HDS, 
renal outcome was annotated per patient in a dichotomized fashion (Figure 3A and 3B). Regression 
analysis of Ki67 and HDS shows that directionality was similar in both outcome groups (>45: R=-0.16 
and p=0.63, <45: R=0.26 and P value=0.34, Figure 3A). Similarly, the number of CD133+ tubule cells and 
HDS do not correlate in the outcome groups (>45: R=0.45 and p=0.14, <45: R=0.01 and p=0.98, Figure 
3B). Likewise, Ki67/HDS or CD133/HDS ratios did not correlate to renal outcome (Ki67/HDS p=0.24, 
R=-0.27; CD133/HDS p=0.28; R=-0.25). Thus, neither proliferation markers Ki67 nor stem cell marker 
CD133 correlate to renal functional outcome even when assessed in the context of histological damage.

Figure 3: Markers of proliferation and regeneration do not show distinct clusters of favorable outcome in context 
of histological renal damage.  A. Scatter plot of # of Ki67+ nuclei and HDS with distinct regression lines for 
best (eGFR>45ml/min) and worst (eGFR<45ml/min) renal outcomes. B. Scatter plot of # of CD133+ cells and 
HDS with distinct regression lines for best (eGFR>45ml/min) and worst (eGFR<45ml/min) renal outcomes.
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Discussion

We present a new histological scoring system for ATI that independently predicts renal outcome 
and recovery time in patients with delayed graft function due to ATI after RTX. Evaluation of the 

histological parameters dilatation, atrophy, vacuolization, luminal casts and interstitial edema were highly 
reproducible. This reproducibility is in line with other validated highly reproducible scoring methods 
such as The Oxford classification of IgA nephropathy (35). When aggregated into a single histological 
damage score, our parameters correlate to renal outcome defined as eGFR 6 months after transplantation. 
Although most parameters correlated to renal outcome individually, the correlation was strongest when 
all five parameters were included in the HDS. In addition, patients with a low HDS had a shorter recovery 
time after ATI than those with a high HDS. Moreover the correlation of the HDS to renal outcome and 
renal recovery time appeared to be independent of currently used clinical and histological parameters. 
	 Our data is in line with scarce publications that previously have shown a correlation between 
histological damage and long term prognosis after ATI in humans. Cosio et al. show in RTX biopsies 
taken 1-year after transplantation that reduced damage correlates to better long term graft survival 
(36). A second study shows in protocol biopsies taken 6 weeks post-transplantation that ATI inversely 
associates with renal recovery and was associated with DGF (37). Moreover, Abdulkader et al. showed 
in biopsies from native kidneys taken during ATI of heterogeneous origin, that histological damage 
parameters correlate to functional renal outcome (38). We extend these finding in a population of 
ATI of homogeneous origin and even show a correlation between our HDS and renal recovery rate.  
	 It is of note that the number of Ki67+ tubular cells correlated significantly with the HDS 
(R=0.54, P=0.006). This is in line with the previous observations during ATI in renal transplants 
(39). However, the lack of correlation between repair and renal outcome, even in the context 
of damage, suggests that this marker might in part reflect dysfunctional regeneration. Under 
physiological conditions, renal tubular cells are mainly in G0 phase of the cell cycle. Upon injury, 
tubular cells enter G1 of the cell cycle, however, this is not necessarily followed by completion of 
the entire cell cycle (40). Cell cycle arrest at the G2/M transition can occur, for instance due to DNA 
damage, hampering the completion of the cell cycle (41). G2/M arrested cells acquire a pro-fibrotic 
and pro-inflammatory phenotype, negatively affecting renal outcome for instance by expressing 
CTGF (42).  Tubular CD133 and/or ki67 consequently not exclusively mark regenerating cells, 
but also pro-fibrotic, pro-inflammatory G2/M arrested tubular cells. Finally, we cannot exclude 
that other factors like rejection, drug toxicity, cellular senescence or vascular rarefaction have 
obscured the correlation of our regenerative parameters and functional renal outcome (14, 41, 43). 
	 Although the clinical Nyberg score correlated to renal outcome in our cohort, the histological 
score for chronic renal damage did not. The highly validated Nyberg deceased donor score composed 
of clinical parameters is widely used to predict outcome after renal transplantation (24, 25), and indeed 
the Nyberg score correlated with renal outcome in our cohort supporting clinical validity of selected 
DGF patients. The histological damage scoring system composed by Remuzzi et al. is a valuable tool 
in determining pre-existent baseline chronic damage in donor kidneys (44). The lack of correlation 
seen in our study might be caused by the low level of variance in baseline chronic histological damage 
in our cohort and/or the fact that the acute renal damage more pronouncedly affected renal outcome 
that the underlying chronic renal damage. This suggests that the Remuzzi score is best applied on pre-
implantation donor biopsies whereas our HDS is best applied in the acute phase of ATI following RTX.  
	 The findings of this study have several interesting implications for both research and the 
clinic. This human cohort of ATI induced DGF provides insight in the human pathobiology ATI in RTX 
patients. Furthermore, our HDS might be used to prognosticate functional renal outcome in patients 
suffering DGF due to ATI after RTX. Although our study is limited to RTX patients with DGF due to 
ATI, the parameters used in the HDS are universal tubular damage markers and might also be applied in 
non-RTX associated ATI. The latter is supported by previous findings of Abdulkader et al. (38). A model 
to assess tubular damage might also be used to evaluate the effect of interventions aimed at reducing post 
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RTX ATI such as machine perfusion of donor organs or specific medical treatment (45-47). Although 
we did not find a correlation between parameters of regeneration and renal outcome, our findings form 
a promising starting point to evaluate the concept of dysfunctional regeneration in the human situation. 
	 In conclusion, we have developed a reproducible histological damage scoring system 
that predicts renal function after six months as well as speed of recovery of renal function in RTX 
patients with DGF due to ATI. However, despite the crucial role of regeneration in renal outcome 
after ATI in experimental models, the regeneration markers used in our study did not correlate to renal 
outcome 6 months after RTX, which might be explained by the concept of dysfunctional regeneration.  

Acknowledgements
We would kindly like to thank Roel Broekhuizen for his excellent technical assistance. Lucas L. 
Falke was sponsored by the Netherlands Institute for Regenerative Medicine (Grant. No. FES0908). 

Chapter 2  Histological damage predicts renal outcome of DGF Histological damage predicts renal outcome of DGF  Chapter 2



33

References

1.	 Hoste EA, Clermont G, Kersten A, Venkataraman R, Angus DC, De Bacquer D, et al. RIFLE criteria 
for acute kidney injury are associated with hospital mortality in critically ill patients: a cohort analysis. Crit Care. 
2006;10(3):R73.
2.	 Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Alqahtani F, Koulouridis I, et al. World incidence of 
AKI: a meta-analysis. Clin J Am Soc Nephrol. 2013;8(9):1482-93.
3.	 Challiner R, Ritchie JP, Fullwood C, Loughnan P, Hutchison AJ. Incidence and consequence of acute 
kidney injury in unselected emergency admissions to a large acute UK hospital trust. BMC Nephrol. 2014;15:84.
4.	 Wald R, McArthur E, Adhikari NK, Bagshaw SM, Burns KE, Garg AX, et al. Changing incidence and 
outcomes following dialysis-requiring acute kidney injury among critically ill adults: a population-based cohort 
study. Am J Kidney Dis. 2015;65(6):870-7.
5.	 Waikar SS, Curhan GC, Wald R, McCarthy EP, Chertow GM. Declining mortality in patients with acute 
renal failure, 1988 to 2002. J Am Soc Nephrol. 2006;17(4):1143-50.
6.	 Hsu Y-HR, Sis B. Molecular transplantation pathology: the interface between molecules and 
histopathology. Current opinion in organ transplantation. 2013;18:354-62.
7.	 Coca SG, Yusuf B, Shlipak MG, Garg AX, Parikh CR. Long-term risk of mortality and other adverse 
outcomes after acute kidney injury: a systematic review and meta-analysis. Am J Kidney Dis. 2009;53(6):961-73.
8.	 Chawla LS, Kimmel PL. Acute kidney injury and chronic kidney disease: an integrated clinical syndrome. 
Kidney Int. 2012;82(5):516-24.
9.	 Famulski KS, de Freitas DG, Kreepala C, Chang J, Sellares J, Sis B, et al. Molecular Phenotypes of Acute 
Kidney Injury in Kidney Transplants. Journal of the American Society of Nephrology. 2012;23:948-58.
10.	 Solez K, Racusen LC, Marcussen N, Slatnik I, Keown P, Burdick JF, et al. Morphology of ischemic acute 
renal failure, normal function, and cyclosporine toxicity in cyclosporine-treated renal allograft recipients. Kidney 
Int. 1993;43(5):1058-67.
11.	 Nonclercq D, Toubeau G, Laurent G, Tulkens PM, Heuson-Stiennon JA. Tissue injury and repair in the 
rat kidney after exposure to cisplatin or carboplatin. Exp Mol Pathol. 1989;51(2):123-40.
12.	 Shimizu A, Masuda Y, Ishizaki M, Sugisaki Y, Yamanaka N. Tubular dilatation in the repair process of 
ischaemic tubular necrosis. Virchows Arch. 1994;425(3):281-90.
13.	 Adachi T, Sugiyama N, Yagita H, Yokoyama T. Renal atrophy after ischemia-reperfusion injury depends 
on massive tubular apoptosis induced by TNFalpha in the later phase. Med Mol Morphol. 2014;47(4):213-23.
14.	 Ferenbach DA, Bonventre JV. Mechanisms of maladaptive repair after AKI leading to accelerated kidney 
ageing and CKD. Nat Rev Nephrol. 2015;11(5):264-76.
15.	 Bussolati B, Bruno S, Grange C, Buttiglieri S, Deregibus MC, Cantino D, et al. Isolation of renal 
progenitor cells from adult human kidney. The American journal of pathology. 2005;166:545-55.
16.	 Kusaba T, Lalli M, Kramann R, Kobayashi A, Humphreys BD. Differentiated kidney epithelial cells 
repair injured proximal tubule. Proceedings of the National Academy of Sciences of the United States of America. 
2014;111:1527-32.
17.	 Loverre A, Capobianco C, Ditonno P, Battaglia M, Grandaliano G, Schena FP. Increase of proliferating 
renal progenitor cells in acute tubular necrosis underlying delayed graft function. Transplantation. 2008;85:1112-9.
18.	 Kusaba T, Humphreys BD. Controversies on the origin of proliferating epithelial cells after kidney injury. 
Pediatric Nephrology. 2014;29:673-9.
19.	 Lombardi D, Becherucci F, Romagnani P. How much can the tubule regenerate and who does it? An open 
question. Nephrol Dial Transplant. 2015.
20.	 Liano F, Pascual J. Epidemiology of acute renal failure: a prospective, multicenter, community-based 
study. Madrid Acute Renal Failure Study Group. Kidney Int. 1996;50(3):811-8.
21.	 Rosen S, Heyman SN. Difficulties in understanding human “acute tubular necrosis”: Limited data and 
flawed animal models. Kidney International. 2001;60:1220-4.
22.	 Shin JH, Koo EH, Ha SH, Park JH, Jang HR, Lee JE, et al. The impact of slow graft function on graft 
outcome is comparable to delayed graft function in deceased donor kidney transplantation. Int Urol Nephrol. 
2016;48(3):431-9.
23.	 Resende L, Guerra J, Santana A, Mil-Homens C, Abreu F, da Costa AG. First year renal function as a 
predictor of kidney allograft outcome. Transplant Proc. 2009;41(3):846-8.
24.	 Nyberg SL, Matas AJ, Kremers WK, Thostenson JD, Larson TS, Prieto M, et al. Improved scoring 
system to assess adult donors for cadaver renal transplantation. American journal of transplantation : official journal 
of the American Society of Transplantation and the American Society of Transplant Surgeons. 2003;3:715-21.
25.	 Nyberg SL, Matas AJ, Rogers M, Harmsen WS, Velosa JA, Larson TS, et al. Donor scoring system for 
cadaveric renal transplantation. Am J Transplant. 2001;1(2):162-70.
26.	 Kootstra G, Daemen J, Oomen A. Categories of non-heart-beating donors. Transplantation Proceedings. 
1995;5:2893-4.
27.	 Remuzzi G, Grinyo J, Ruggenenti P, Beatini M, Cole EH, Milford EL, et al. Early experience with dual 
kidney transplantation in adults using expanded donor criteria. Double Kidney Transplant Group (DKG). J Am Soc 
Nephrol. 1999;10(12):2591-8.
28.	 van Diest PJ. No consent should be needed for using leftover body material for scientific purposes. For. 
BMJ. 2002;325(7365):648-51.
29.	 Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, 3rd, Feldman HI, et al. A new equation to 
estimate glomerular filtration rate. Ann Intern Med. 2009;150(9):604-12.
30.	 Jurikova M, Danihel L, Polak S, Varga I. Ki67, PCNA, and MCM proteins: Markers of proliferation in 

Histological damage predicts renal outcome of DGF  Chapter 2

2



34

the diagnosis of breast cancer. Acta Histochem. 2016.
31.	 Shmelkov SV, St Clair R, Lyden D, Rafii S. AC133/CD133/Prominin-1. Int J Biochem Cell Biol. 
2005;37(4):715-9.
32.	 Angelotti ML, Ronconi E, Ballerini L, Peired A, Mazzinghi B, Sagrinati C, et al. Characterization of 
renal progenitors committed toward tubular lineage and their regenerative potential in renal tubular injury. Stem 
Cells. 2012;30:1714-25.
33.	 Smeets B, Boor P, Dijkman H, Sharma SV, Jirak P, Mooren F, et al. Proximal tubular cells contain 
a phenotypically distinct, scattered cell population involved in tubular regeneration. Journal of Pathology. 
2013;229:645-59.
34.	 Romagnani P, Remuzzi G. CD133+ renal stem cells always co-express CD24 in adult human kidney 
tissue. Stem Cell Research. 2014;12:828-9.
35.	 Working Group of the International Ig ANN, the Renal Pathology S, Roberts IS, Cook HT, Troyanov 
S, Alpers CE, et al. The Oxford classification of IgA nephropathy: pathology definitions, correlations, and 
reproducibility. Kidney Int. 2009;76(5):546-56.
36.	 Cosio FG, El Ters M, Cornell LD, Schinstock CA, Stegall MD. Changing Kidney Allograft Histology 
Early Posttransplant: Prognostic Implications of 1-Year Protocol Biopsies. Am J Transplant. 2016;16(1):194-203.
37.	 Gwinner W, Hinzmann K, Erdbruegger U, Scheffner I, Broecker V, Vaske B, et al. Acute tubular injury in 
protocol biopsies of renal grafts: prevalence, associated factors and effect on long-term function. Am J Transplant. 
2008;8(8):1684-93.
38.	 Abdulkader RCRM, Libório AB, Malheiros DMaC. Histological features of acute tubular necrosis in 
native kidneys and long-term renal function. Renal failure. 2008;30:667-73.
39.	 Pizov G, Friedlaender MM. Immunohistochemical staining for proliferation antigen as a predictor of 
chronic graft dysfunction and renal graft loss. Nephron. 2002;92(3):738-42.
40.	 Thomasova D, Anders HJ. Cell cycle control in the kidney. Nephrol Dial Transplant. 2014.
41.	 Yang L, Besschetnova TY, Brooks CR, Shah JV, Bonventre JV. Epithelial cell cycle arrest in G2/M 
mediates kidney fibrosis after injury. Nat Med. 2010;16(5):535-43, 1p following 143.
42.	 Falke LL, Goldschmeding R, Nguyen TQ. A perspective on anti-CCN2 therapy for chronic kidney 
disease. Nephrol Dial Transplant. 2014;29 Suppl 1:i30-i7.
43.	 Rosen S, Stillman IE. Acute tubular necrosis is a syndrome of physiologic and pathologic dissociation. J 
Am Soc Nephrol. 2008;19(5):871-5.
44.	 De Vusser K, Lerut E, Kuypers D, Vanrenterghem Y, Jochmans I, Monbaliu D, et al. The Predictive 
Value of Kidney Allograft Baseline Biopsies for Long-Term Graft Survival. Journal of the American Society of 
Nephrology. 2013;24:1913-23.
45.	 Hosgood SA, Saeb-Parsy K, Hamed MO, Nicholson ML. Successful transplantation of human kidneys 
deemed untransplantable but resuscitated by ex-vivo normothermic machine perfusion. Am J Transplant. 2016.
46.	 Jochmans I, Akhtar MZ, Nasralla D, Kocabayoglu P, Boffa C, Kaisar M, et al. Past, present and future of 
dynamic kidney and liver preservation and resuscitation. Am J Transplant. 2016.
47.	 Aufhauser DD, Jr., Wang Z, Murken DR, Bhatti TR, Wang Y, Ge G, et al. Improved renal ischemia 
tolerance in females influences kidney transplantation outcomes. J Clin Invest. 2016;126(5):1968-77.

Chapter 2  Histological damage predicts renal outcome of DGF Histological damage predicts renal outcome of DGF  Chapter 2



35Histological damage predicts renal outcome of DGF  Chapter 2

Supplemental Figure 1: 
A: Flow diagram describing cohort selection process. B: Table showing diagnoses in 
excluded patients who were excluded for cohort because they had pathology other then DGF.

Supplementary material

2



3



Chapter 3: 
Plasma CTGF is independently related with 

an increased risk of cardiovascular events and 
mortality in patients with atherosclerotic disease: 

The SMART study

Karin G. Gerritsen1,2, Lucas L. Falke1, Stefan H. van Vuuren1, Jan W. Leeuwis1, 
Roel Broekhuizen1,Tri Q. Nguyen1, Gert Jan de Borst3, Hendrik M. Nathoe4, 

Marianne C. Verhaar2, Robbert J. Kok5, Roel Goldschmeding1, Frank L. Visseren6,  
for the SMART Study Group.

1. Dept. of Pathology, University Medical Center Utrecht, The Netherlands
2. Dept. of Nephrology and Hypertension, University Medical Center Utrecht, The Netherlands
3. Dept. of Vascular Surgery, University Medical Center Utrecht, The Netherlands
4. Dept. of Cardiology, University Medical Center Utrecht, The Netherlands
5. Dept. of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, 
6. Dept. of Vascular Medicine, University Medical Center Utrecht, The Netherlands

3

Growth Factors,  34 (3-4): 149 - 158 (2016)



38 Chapter 3  CTGF Increases Cardiovascular Risk and Mortality

Abstract

Aims: CTGF plays a key role in tissue fibrogenesis and growing evidence indicates a pathogenic role 
in cardiovascular disease. Aim of this study is to investigate the association of connective tissue growth 
factor (CTGF/CCN2) with cardiovascular risk and mortality in patients with manifest vascular disease.
Methods&Results: Plasma CTGF was measured by ELISA in a prospective cohort study of 1227 
patients with manifest vascular disease (mean age 59.0±9.9 years). Linear regression analysis was 
performed to quantify the association between CTGF and cardiovascular risk factors. Results 
are expressed as beta (β) regression coefficients with 95% confidence intervals (CI). The relation 
between CTGF and the occurrence of new cardiovascular events and mortality was assessed with 
Cox proportional hazard analysis. Adjustments were made for potential confounding factors.
Plasma CTGF was positively related to total cholesterol (β 0.040;95%CI 0.013-0.067) and 
LDL cholesterol (β 0.031;95%CI 0.000-0.062) and inversely to glomerular filtration rate (β 
-0.004;95%CI -0.005 to -0.002). CTGF was significantly lower in patients with cerebrovascular 
disease. During a median follow-up of 6.5 years (IQR 5.3-7.4) 131 subjects died, 92 experienced 
an ischemic cardiac complication and 45 an ischemic stroke. CTGF was associated with an 
increased risk of new vascular events (HR 1.21;95%CI 1.04-1.42), ischemic cardiac events (HR 
1.41;95%CI 1.18-1.67) and all-cause mortality (HR 1.18;95%CI 1.00-1.38) for every 1 nmol/L 
increase in CTGF. No relation was observed between CTGF and the occurrence of ischemic stroke. 
Conclusions: In patients with manifest vascular disease, elevated plasma CTGF 
confers an increased risk of new cardiovascular events and all-cause mortality. 

 Abbreviations and Acronyms

ACR		  -		  albumin-to-creatinine ratio
CI		  -		  confidence interval
cIMT		  -		  carotid intima media thickness
CTGF		  -		  connective tissue growth factor
eGFR		  -		  estimated glomerular filtration rate
DM		  -		  diabetes mellitus
ELISA		  -		  enzyme-linked immunosorbent assay
HDL		  -		  high density lipoprotein
HR		  -		  hazard ratio 
hsCRP		  -		  high-sensitivity C-reactive protein
IQR		  -		  interquartile range
LDL		  -		  low density lipoprotein
LVH		  -		  left ventricular hypertrophy
NYHA		  -		  New York Heart Association
RAAS		  -		  renin-angiotensin-aldosterone system
SMART		  -		  Secondary Manifestations of ARTerial disease
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Introduction

Cardiovascular risk is a growing concern and major health burden. Several management 
strategies exist, but healthcare could benefit from additional interventional strategies. 

Connective tissue growth factor (CTGF/CCN2) is a key mediator of tissue fibrogenesis in various 
chronic diseases (1). Many cell types express CTGF, including endothelial cells, vascular smooth 
muscle cells, fibroblasts and cardiac myocytes (2-4). CTGF is upregulated by stimuli involved in 
cardiovascular damage, including angiotensin II, oxidative stress, endothelin-1, hyperglycaemia, 
advanced glycation end products, transforming growth factor β and mechanical stretch (5-8). 
Depending on cell type and pathological context, CTGF is involved in various biological processes, 
including extracellular matrix production, proliferation, apoptosis, chemotaxis and angiogenesis.
Plasma CTGF is elevated in patients with type 1 diabetes mellitus (DM), chronic kidney disease 
and chronic heart failure (9-14). In patients with type 1 diabetes, plasma CTGF is associated with 
increased urinary albumin excretion, hypertension and increased carotid intima media thickness 
(cIMT) and in macroalbuminuric patients also with progression to end stage renal disease and 
increased mortality (9, 10, 15). Reduction of vascular stiffness in hypertensive patients is associated 
with a reduction in CTGF expression levels (16). In patients with both acute and chronic heart 
failure plasma CTGF is related to brain natriuretic peptide, NYHA class and echocardiographic 
parameters of diastolic dysfunction (14, 17). Emerging evidence also indicates a role of CTGF in the 
pathogenesis of cardiovascular disease. While being minimally expressed in healthy tissue, CTGF 
is strongly upregulated in atherosclerotic plaques, in cardiac tissue after myocardial infarction, 
in cardiac fibrosis and in vascular and cardiac tissues in experimental hypertension (6, 14, 18-20).
Thus far however, plasma CTGF has not been studied in patients with clinically manifest vascular 
disease. Considering the role of CTGF in the pathogenesis of cardiovascular fibrosis, we hypothesized 
that baseline plasma CTGF may reflect cardiovascular disease burden and may identify vascular 
patients at the highest risk of recurrent cardiovascular events. Therefore, in the present study we 
aimed to investigate the association of baseline plasma CTGF with future cardiovascular risk 
and mortality in a high-risk population of patients with manifest atherosclerotic vascular disease.
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 Methods

Study design and patients
We used data from patients enrolled in the Second Manifestations of ARTerial disease (SMART) 
study, an ongoing prospective single-center cohort study in patients with manifest atherosclerotic 
disease or cardiovascular risk factors that started in September 1996 (21). Patients aged 18-80 years, 
newly referred to the University Medical Center (UMC) Utrecht with manifest atherosclerotic disease 
or a cardiovascular risk factor, underwent a vascular screening program including a questionnaire, 
laboratory assessments and non-invasive screening for manifestations of atherosclerotic disease and 
cardiovascular risk factors other than the qualifying diagnosis. Patients with terminal malignant disease, 
those not independent in daily activities (Rankin scale >3) or not sufficiently fluent in Dutch were 
excluded. The rationale and design of the study, including the criteria for the various manifestations of 
atherosclerotic disease, have been described in detail (21). The Medical Ethics Committee approved the 
study, and all participants gave their written informed consent. 
For the current study, data of 1227 participants with clinically manifest atherosclerotic disease (coronary 
heart disease, cerebrovascular disease, peripheral arterial disease or abdominal aortic aneurysm), 
included between June 2001 and January 2006, was analysed. 

Data acquisition
Baseline measurements were performed on a single day at the UMC Utrecht. Medical history, use of 
current medication and current and past cigarette smoking behaviour were derived from a standardized 
questionnaire described previously (21). Height, weight and blood pressure were measured. Glomerular 
filtration rate (GFR) was estimated by the abbreviated Modification of Diet in Renal Disease equation 
(22). The Framingham 10 year cardiovascular risk score (%) was calculated using  gender, age, smoking 
behaviour, blood levels of HDL and total cholesterol, and systolic blood pressure as parameters as 
described (23). Ultrasound measurements of cIMT and abdominal adipose tissue were performed as 
described (21, 24). 
Electrocardiographic left ventricular hypertrophy (LVH) was assessed by the Sokolow-Lyon voltage 
criterion (SV1 + RV5/6 > 3.5 mV)(25) and the Cornell voltage criterion (RaVL + SV3 > 2.0 mV in 
women and >2.8 mV in men) (26). Patients meeting either criterion were considered to have LVH. For 
46 patients no valid electrocardiogram was available.
Blood samples were collected after an overnight fast. Plasma total cholesterol, low density lipoprotein 
(LDL)-cholesterol, high density lipoprotein (HDL)-cholesterol, triglycerides, homocysteine and 
creatinine were determined as described (21). High sensitivity C-reactive protein (hsCRP) was measured 
by immunonephelometry (Nephelometer Analyzer BN II, Dade-Behring, Marburg, Germany). HsCRP 
measurements below the lower limit of detection of 0.2 mg/l were set at 0.2 mg/l. 
Plasma CTGF levels were determined by sandwich ELISA, using two humanized monoclonal 
antibodies, one for capture and one for detection (FibroGen Inc., San Francisco, CA, USA) against 
two distinct epitopes on the aminoterminal part of CTGF, detecting both full length CTGF and the 
N-fragment, as described (9). The detection limit of the assay was 0.02 nmol/L and intra- and interassay 
variations were <1 and 10%, respectively. 
Urine albumin and creatinine were determined as described (21). The albumin-to-creatinine ratio 
(ACR) was used to esti¬mate albuminuria. Microalbuminuria was defined as ACR ≥3.5 and <25 mg/
mmol (female) or ≥2.5 and <25 mg/mmol (male) and macroalbuminuria as ACR ≥25 mg/mmol (27).

Follow up
Patients received a questionnaire every 6 months to provide information on hospitalization and 
outpatient clinic visits. Outcomes of interest for this study were a composite endpoint of vascular 
death, ischemic stroke and ischemic cardiac complications (Table 1). All-cause mortality was 
recorded as well. If a possible event was reported, original source documents were retrieved and 
reviewed. All possible events were audited by 3 independent physicians of the End Point Committee. 
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If a patient had multiple events, the first event was used for analysis. Follow-up duration (years) 
was defined as the period between study inclusion and date of first cardiovascular event, date of 
death, date of loss to follow-up or the preselected date of 1 March 2010. From 1996 until 1 march 
2010, 52 (4%) patients were lost to follow-up due to migration or discontinuation of the study. 

Data analysis
Continuous variables are expressed as mean ± standard deviation (SD) when normal distributed or as 
median (interquartile range (IQR)) in case of skewed distribution. Categorical variables are expressed 
as numbers (percentage). The relation between various patient characteristics and plasma CTGF was 
quantified with linear regression analysis  with CTGF as the dependent variable, and adjustments were 
made for age, gender and estimated GFR (eGFR). The natural logarithm of CTGF was used to get 
a normal distribution that allowed parametric analysis. Results are expressed as beta (β) regression 
coefficients with 95% confidence intervals (95%CI) denoting the change in plasma CTGF for every 
change in each individual patient characteristic. Cox proportional hazards analysis was performed 
to estimate hazard ratios (HRs) with 95% confidence intervals for the occurrence of a new vascular 
event and all-cause mortality associated with every 1 nmol/L increase in plasma CTGF. Three models 
were used. In model 1 the unadjusted association between plasma CTGF,  cardiovascular events and 
mortality was examined. In model 2 adjustments were made for age, gender and eGFR, since eGFR was 
independently associated with plasma CTGF and is also related to cardiovascular outcome. In model 
3 additional adjustments were made for the Framingham risk score (%), diabetes mellitus, systolic and 
diastolic blood pressure, total cholesterol, LDL cholesterol, use of renin angiotensin aldosterone system 
(RAAS) blockers and use of statins, which are all considered as potentially confounding factors in the 
relation between CTGF and vascular events. To investigate whether the relation between CTGF and new 
vascular events and between CTGF and all-cause mortality was modified by gender, we included these 
interaction terms in the Cox model. If the p-value of the interaction term was <0.05 effect-modification 
was considered to be present. Next, the study population was divided into tertiles of plasma CTGF and 
HRs for the occurrence of cardiovascular events and mortality were estimated for each tertile using the 
lowest plasma CTGF tertile as reference. In addition, one minus survival plots based on Cox regression 
analysis were made for each CTGF tertile with adjustment for the same confounding variables as 
included in model 3 (gender, age, eGFR, DM, blood pressure, total cholesterol, use of RAAS blockers 
and use of statins). 
Single imputation methods were used to reduce missing covariate data for smoking (n=8 (<1%)), use of 
statins (n=48 (4%)), systolic blood pressure (n=1 (<1%)), diastolic blood pressure (n=1 (<1%)), body 
mass index (n=1 (<1%)), abdominal adipose tissue (n=8 (<1%)), intima media thickness (n=25 (2%)), 
eGFR (n=14 (1%)), total cholesterol (n=16 (1%)), LDL-cholesterol (n=21 (2%)), HDL-cholesterol 
(n=21 (2%)), triglycerides (n=19 (2%)), homocysteine (n=18 (1%)) and albuminuria (n=107 (9%)), 

Table 1: Definition of study outcome events
Ischemic cardiac complication Myocardial infarction, sudden death or fatal congestive heart failure
Ischemic stroke Relevant clinical features that caused an increase in impairment of at least one grade 

on the modified Rankin scale, with or without a new relevant ischemic lesion at 
brain imaging

Vascular death Death caused by myocardial infarction, stroke, sudden death (unexpected cardiac 
death occurring within 1 hour after onset of symptoms, or within 24 hours given 
convincing circumstantial evidence), congestive heart failure, rupture of abdominal 
aortic aneurysm or death from another vascular cause

Composite vascular outcome event/ 
Vascular event

A composite of stroke, ischemic cardiac complication, vascular mortality, retinal 
infarction or bleeding or fatal rupture of abdominal aortic aneurysm

Other vascular event A composite of hemorrhagic stroke, retinal infarction or bleeding, sudden death, 
fatal rupture of abdominal aortic aneurysm and other vascular complications or 
death.

Nonvascular death Death caused by infection, cancer, unnatural death, or death from another 
nonvascular cause.

All-cause mortality Death of a vascular or non-vascular cause
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since incomplete case analysis leads to loss of statistical power and possibly bias. P < 0.05 was 
considered significant (two-tailed). All analyses were performed with SPSS software (version 16.0; 
SPSS Inc., Chicago, Illinois, USA).
Results	

Relationship between plasma CTGF and patient baseline characteristics
In Table 2 the baseline characteristics of the study population are presented. Mean age was 59.0 
± 9.9 years and 80% was male. The majority of the patients had an eGFR >60 ml/min/1.73m2 
(n=1074 (88%)). Median plasma CTGF was 1.18 nmol/L with a range of 0.18-6.47 nmol/L. 
	 Compared to patients with other vascular disease localizations, plasma CTGF was 
lowest in patients with cerebrovascular disease. Plasma CTGF was inversely related to eGFR, 
adjusted for age and gender (β -0.004 using the natural logarithm of CTGF; 95%CI -0.005 to 
-0.002), which implies that for every 1 mL/min/1.73m² increase in eGFR plasma CTGF decreased 
with 0.4% (95%CI 0.2 to 0.5) (Table 3). Univariate analysis revealed that plasma CTGF relates to 
total cholesterol and LDL cholesterol (R2 =0.0061, p<0.01 and R2  =0.0031, p<0.01 respectively; 
Suppl. Fig. 1). After adjustment for age, gender and eGFR, plasma CTGF remained positively 
associated with total cholesterol (β 0.040; 95%CI 0.013 to 0.067) and LDL cholesterol (β 0.031; 
95%CI 0.000 to 0.062) concentrations, after adjustment for age, gender and eGFR. Plasma CTGF 
was not related to DM, blood pressure or pulse pressure, BMI or abdominal adipose tissue, left 
ventricular hypertrophy, cIMT, smoking, use of RAAS blockers, hsCRP or albuminuria. There were 
no indications for presence of a J-shaped relationship between these variables and plasma CTGF. 

A

D E F

B

Figure 1: Cumulative percentage of study population with a new cardiovascular event or death according to 
tertiles of plasma CTGF. One minus survival plots based on Cox regressions using multivariate model III 
(age, gender, estimated glomerular filtration rate, diabetes mellitus, blood pressure, use of RAAS blockers, total 
cholesterol and use of statins). (A) Ischemic cardiac complication. (B) Ischemic stroke. (C) Vascular death. (D) 
Other vascular events. (E) All vascular events. (F) All-cause mortality. 
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Table 2: Baseline characteristics of the study population (n=1227).
Characteristic  
Age (years) 59.0 ± 9.9
Male gender, n (%) 986 (80)
Hypertension (ever or current), n (%) 638 (52)
Diabetes mellitus, n (%) 199 (16)
        Type 1, n (%) 6 (1)
        Type 2, n (%) 193 (16)
Smoking
        Former, n (%); current, n (%) 578 (47); 438 (36)
        Pack years 20.2 (6.1-34.2)
Framingham risk score (average 10year risk in %) 13.4 ± 9.27
Medication
Blood pressure lowering agents, n (%) 914 (75)
        RAAS blocker, n (%) 409 (33)
Statin, n (%) 786 (64)
Anti-platelet agents, n (%) 933 (76)
Measurements
Systolic blood pressure (mmHg) 142 ± 22
Diastolic blood pressure (mmHg) 82 ± 12
Pulse pressure (mmHg) 58 (50-69)
Body mass index (kg/m2) 26.9 ± 3.8
Abdominal adipose tissue (cm) 9.5 ± 2.6
Intima media thickness (mm) 0.90 (0.75-1.07)
eGFR (mL/min/1.73m2) 78.1 (67.3-88.8)
Left ventricular hypertrophy*, n (%) 294 (25)
Laboratory measurements
Total cholesterol (mmol/L) 4.9 ± 1.0
LDL cholesterol (mmol/L) 2.9 ± 0.9
HDL cholesterol (mmol/L) 1.3 ± 0.4
Triglycerides (mmol/L) 1.50 (1.10-2.11)
HsCRP (mg/L) 2.0 (0.9-4.1)
Homocysteine (µmol/l.) 12.8 (10.5-15.5)
Microalbuminuria, n (%) 233 (19)
Macroalbuminuria, n (%) 39 (3)
Plasma CTGF (nmol/L) 1.18 (0.89-1.64)
Localization of vascular disease†
Cerebrovascular disease, n (%) 293 (24)
Coronary artery disease, n (%) 755 (62)
Aneurysm abdominal aorta, n (%) 112 (9)
Peripheral arterial disease, n (%) 279 (23)

Data are expressed as mean ± SD, median (interquartile range) or absolute number (percentage). 
*A valid ECG was available in 1181 patients. †Patients could be classified into one or more categories. 

CTGF and risk of cardiovascular events and mortality
During a median follow-up of 6.5 years (IQR 5.3-7.4) (total number of follow-up years 7637), 
131 subjects died (of whom 73 due to a cardiovascular cause), 92 experienced an ischemic cardiac 
complication and 45 an ischemic stroke. After adjustment for age, gender and eGFR, every 1 nmol/L 
increase in plasma CTGF was associated with an increased risk of all vascular events (HR 1.21; 95%CI 
1.04-1.41), ischemic cardiac events (HR 1.39; 95%CI 1.17-1.65) and all-cause mortality (HR 1.19; 
95%CI 1.02-1.39) (Table 4). RAAS activation, diabetes mellitus and changes in cholesterol metabolism 
are phenomena known to influence plasma CTGF levels (28-30). Therefore, additional adjustment 
for DM, blood pressure, total cholesterol, LDL cholesterol, use of RAAS blockers and use of statins 
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Table 3:  Relation between various patient characteristics and plasma CTGF (n=1227). 
Characteristic β (95% CI)* CTGF change (%) (95% CI)†
Age (years) 0.003 (0.000 to 0.006)* 0.3 (0.0-0.6)
Gender (male=1) -0.053 (-0.125 to 0.018) -5.2 (-11.8 to 1.8)
Hypertension (ever or current) (yes=1) 0.009 (-0.049 to 0.066) 0.9 (-4.8 to 6.8)
Diabetes mellitus (yes=1) 0.039 (-0.116 to 0.037) 4.0 (-11.0 to 3.8)
        Type 1 (yes=1) 0.019 (-0.386 to 0.423) 1.9 (-32.0 to 52.7)
        Type 2 (yes=1) -0.041 (-0.118 to 0.037) -4.0 (-11.1 to 3.7)
Smoking 
        Smoking status‡ 0.019 (-0.006 to 0.044) 1.9 (-0.6 to 4.5)
        Pack years 0.001 (-0.001 to 0.002) 0.1 (0.0 to 0.2)
Framingham Risk score (%) 0.002 (-0.001 to 0.006) 1.0 (0.99 to 1.01)
Medication
RAAS blocker (yes=1) -0.004 (-0.067 to 0.059) -0.4 (-6.5 to 6.1)
Statin (yes=1) -0.031 (-0.091 to 0.029) -3.1 (-8.7 to 2.9)
Measurements
Systolic blood pressure (per 10 mmHg) -0.001 (-0.015 to 0.012) -0.1 (-1.5 to 1.2)
Diastolic blood pressure (per 10 mmHg) -0.010 (-0.034 to 0.014) -1.0 (-3.3 to 1.4)
Pulse pressure (per 10 mmHg) 0.009 (-0.011 to 0.030) 0.9 (-1.1 to 3.0)
Body mass index (kg/m2) -0.003 (-0.011 to 0.004) -0.3 (-1.1 to 0.4)
Abdominal adipose tissue (cm) 0.000 (-0.011 to 0.012) 0.0 (-1.1 to 1.2)
Intima media thickness (mm) -0.004 (-0.097 to 0.090) -0.4 (-9.2 to 9.4)
eGFR (mL/min/1.73m2) -0.004 (-0.005 to -0.002)* -0.4 (-0.5 to -0.2)
Left ventricular hypertrophy§ (yes=1) -0.027 (-0.095 to 0.041) -2.7 (-9.1 to 4.2)
Laboratory measurements
Lipids
        Total cholesterol (mmol/L) 0.040 (0.013 to 0.067)* 4.1 (1.3 to 6.9)
        LDL cholesterol (mmol/L) 0.031 (0.000 to 0.062)* 3.1 (0.0 to 6.4)
        HDL cholesterol (mmol/L) 0.051 (-0.029 to 0.130) 5.2 (-2.9 to 13.9)
        Triglycerides (mmol/L) 0.023 (-0.002 to 0.048) 2.3 (-0.2 to 4.9)
HsCRP (mg/L) 0.002 (-0.002 to 0.005) 0.2 (-0.2 to 0.5)
Homocysteine (µmol/L) 0.003 (-0.002 to 0.008) 0.3 (-0.2 to 0.8)
Albuminuria 0.020 (-0.036 to 0.077) 2.0 (-3.5 to 8.0)

Adjustment for age, gender and eGFR. *Data are expressed as beta regression coefficient (β) with 95% CI 
calculated with multiple linear regression. The natural logarithm of CTGF will increase with β and CTGF 
will be multiplied by eβ if the variable increases by 1 unit or changes from 0 to 1 for a dichotomous variable. 
†Relative change in CTGF (with CI) if the patient variable increases by 1 unit or changes from 0 to 1 for a 
dichotomous variable. ‡Never=0, former=1, current=3. §N=1181. ‖Normoalbuminuria=0, microalbuminuria=1, 
macroalbuminuria=2. *significant correlation (p<0.05)

were made. However, none substantially changed the relation between CTGF and cardiovascular 
events (model 3). Additional analyses adjusting for factors that were possibly in the causal pathway 
(Framingham risk score, cIMT, pulse pressure, hsCRP, left ventricular hypertrophy, LDL and 
albuminuria) also did not markedly alter the HRs (data not shown). The risk of ischemic stroke associated 
with plasma CTGF was not significantly increased (HR 0.88; 95%CI 0.61-1.27).  The relation between 
CTGF and subsequent vascular events and between CTGF and all-cause mortality was not modified 
by gender (p-values for interaction 0.335 for all vascular events and 0.223 for all-cause mortality).
We further assessed the relationship between plasma CTGF and cardiovascular events and mortality 
by dividing the study population into tertiles of plasma CTGF (Figure 1, Table 5). Compared to 
patients in the lowest tertile of plasma CTGF, patients in the highest tertile had a 61% higher risk of 
developing a new cardiovascular event and a 75% higher risk of dying from any cause, after adjustment 
for age, gender and eGFR (Table 5). HR for nonvascular death in the highest tertile did not reach 
significance when the lowest tertile was used as reference, but was significantly higher when the 
lowest and middle tertile were combined into a single reference group (HR 1.79; 95%CI 1.06-3.03).  
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Table 4: HR for vascular events and mortality for each 1nmol/L increase of plasma CTGF
Hazard ratio (95% CI)

# Events Model I Model II Model III
Ischemic cardiac complication 92 1.44 (1.22-1.71) 1.39 (1.17-1.65) 1.41 (1.18-1.67)
Ischemic stroke 45 1.01 (0.72-1.42) 0.88 (0.61-1.27) 0.88 (0.61-1.28)
Vascular death 73* 1.31 (1.07-1.60) 1.13 (0.91-1.40) 1.11 (0.89-1.38)
All vascular events 153 1.30 (1.12-1.50) 1.21 (1.04-1.41) 1.21 (1.04-1.42)
Other vascular events 61 1.38 (1.12-1.72) 1.24 (0.99-1.55) 1.21 (0.96-1.54)
Nonvascular death 57* 1.31 (1.04-1.64) 1.25 (0.99-1.57) 1.26 (1.00-1.60)
All cause mortality 131 1.31 (1.13-1.52) 1.19 (1.02-1.39) 1.18 (1.00-1.38)
Uni/Multivariate Cox proportional hazards regression analysis Model I = univariate; model II = adjustment for age, 
gender and estimated glomerular filtration rate; model III = model II with additional adjustment for type I and type 
II diabetes mellitus, systolic and diastolic blood pressure, total cholesterol, use of RAAS blockers and use of statins. 
*One deceased patient was not classified as vascular or nonvascular death. 

Table 5:  Hazard ratios of plasma CTGF tertiles for new vascular events and all-cause mortality.

Plasma CTGF Tertile 1 Tertile 2 Tertile 3
Median (range) 
(nmol/L)

0.78 (0.18-0.98) 1.18 (0.98-1.48) 1.85 (1.48-6.47)

Tertile size n=409 n=409 n=409
Model Events ref.† Events HR (95% CI) Events HR (95% CI)

Ischemic 
cardiac 
complication 

I 23 1.00 27 1.22 (0.70-2.13) 42 2.02 (1.22-3.37)
II 1.00 1.19 (0.68-2.08) 1.89 (1.13-3.17)
III 1.00 1.17 (0.67-2.05) 1.93 (1.15-3.23)

Ischemic stroke I 11 1.00 17 1.57 (0.74-3.36) 17 1.63 (0.77-3.49)
II 1.00 1.37 (0.64-2.95) 1.28 (0.59-2.77)
III 1.00 1.29 (0.60-2.78) 1.25 (0.57-2.73)

Vascular death I 17 1.00 21 1.30 (0.68-2.46) 35* 2.32 (1.30-4.15)
II 1.00 1.15 (0.60-2.18) 1.81 (1.00-3.27)
III 1.00 1.12 (0.59-2.13) 1.83 (1.00-3.34)

All vascular 
events

I 39 1.00 49 1.31 (0.86-2.00) 65 1.83 (1.23-2.73)
II 1.00 1.22 (0.80-1.87) 1.61 (1.08-2.41)
III 1.00 1.19 (0.78-1.82) 1.61 (1.08-2.42)

Other vascular 
events

I 15 1.00 18 1.28 (0.64-2.53) 28 2.13 (1.13-3.99)
II 1.00 1.14 (0.57-2.28) 1.79 (0.94-3.39)
III 1.00 1.11 (0.56-2.22) 1.76 (0.92-3.37)

Nonvascular 
death

I 17 1.00 14 0.86 (0.42-1,74) 26* 1.73 (0.94-3.19)
II 1.00 0.81 (0.40-1.65) 1.62 (0.87-3.00)
III 1.00 0.79 (0.39-1.61) 1.58 (0.85-2.95)

All cause 
mortality

I 34 1.00 35 1.08 (0.67-1.72) 62* 2.06 (1.35-3.13)
II 1.00 0.98 (0.61-1.58) 1.75 (1.15-2.69)
III 1.00 0.94 (0.58-1.51) 1.72 (1.21-2.65)

Uni/Multivariate Cox proportional hazards regression analysis. Model I = univariate; model II = adjustment for 
age, gender and estimated glomerular filtration rate; model III = model II with additional adjustment for type I 
and type II diabetes mellitus, systolic and diastolic blood pressure, total cholesterol, use of RAAS blockers and 
use of statins. *One deceased patient was not classified as vascular or nonvascular death. † Reference HR for 
tertile 2 and 3.
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Discussion

The main finding of the present study is that baseline plasma CTGF is associated with an increased 
risk of new cardiovascular events and mortality in patients with clinically manifest atherosclerotic 

vascular disease in a large population of patients with manifest vascular disease. This was independent 
of established cardiovascular risk factors 
Plasma CTGF has been studied in patients with type I DM and was found to be an independent 
predictor of all-cause mortality in patients with diabetic nephropathy (10). We recently found a positive 
association between plasma CTGF and risk of all-cause mortality in end stage renal disease patients 
on hemodialysis (31). In line with these findings, we observed a robust relationship between plasma 
CTGF and risk of death in the current study population of patients with manifest vascular disease. 
CTGF was associated with both vascular and nonvascular death. This might be explained by CTGF as 
a key determinant of activity of tissue fibrogenesis, and fibrosis as the common final pathway of chronic 
diseases of diverse etiology. Besides fibrosis, CTGF has been implicated in various other pathological 
processes, such as ischemia, inflammation and metabolic derangements (4, 32, 33). 
In addition to the association with mortality, we found a clear association between CTGF and risk of 
new cardiovascular events and, in particular, of ischemic cardiac complications. This finding raises 
the question whether CTGF has a causal role in atherosclerosis and ischemic heart disease or merely 
reflects a large cardiovascular disease burden. In atherosclerotic plaques and fibrotic myocardium 
CTGF expression is strongly upregulated (6) and high plasma CTGF levels may result from high 
CTGF release into the circulation. In the current study, however, plasma CTGF was not associated with 
surrogate markers of atherosclerotic burden such as cIMT (34) and pulse pressure (35), nor with left 
ventricular hypertrophy which is linked to cardiac fibrosis (36). Pre-clinical studies suggest a role for 
CTGF in atherogenesis. In vitro, CTGF increases vascular smooth muscle cell (VSMC) proliferation, 
migration and extracellular matrix production, which may contribute to neointima formation (37). 
Mesenchymal Stem Cells (MSCs) are circulating cells involved in arterial repair by mesenchymal to 
endothelial transdifferentiation (38). Stimulation of mesenchymal stem with CTGF leads to fibroblastic 
differentiation and increased extracellular matrix production (39, 40). Pericytes are the major vascular 
supportive cell type involved in maintenance of vascular homeostasis and integrity. Under pathological 
conditions pericytes transdifferentiate to myofibroblasts, thus compromising their role in vascular 
support (41, 42). Culturing pericytes with CTGF under pathological conditions increased expression 
of extracellular matrix genes Col1α2 and Fibronectin as well as myofibroblast associated gene 
αSmooth Muscle Actin (Supp. Fig. 2), which are all markers associated with neointima hyperplasia 
and myofibroblast accumulation. Furthermore, CTGF promoted adherence and migration of monocytes 
and activated platelets to VSMCs (43-45). In vitro it has been shown that CTGF stimulates osteogenic 
differentiation of VSMC (46). For instance, CTGF is associated with angiogenesis (47), and CTGF 
mediated modulation results in reduced VEGF-A signaling (48). Taken together, this suggests a major 
role for CTGF in vascular disease by switching angiogenesis and vascular repair towards neointima 
formation and atherogenesis. 
In a murine model, CTGF injection leads to increased oxidative stress and a vascular inflammatory 
response associated with endothelial dysfunction (49). CTGF has been implicated in hypertension 
induced organ damage via mechanical stress induced CTGF gene expression in endothelial cells, 
vascular smooth muscle cells and cardiomyocytes (50-52). The role of CTGF in the aetiology of 
cardiomyopathy is controversial. Cardiac CTGF expression is increased after ischemic-reperfusion 
injury and is associated with replacement and reactive fibrosis following myocardial infarction (6). 
Myocardial overexpression of CTGF in transgenic mice promoted age-dependent development of 
cardiac hypertrophy (53) and enhanced pressure-overload induced cardiac fibrosis (54). In line with 
this, dilating cardiomyopathy appears to be CTGF regulated (55), and CTGF reduction attenuates 
left ventricular remodeling and dysfunction in models of pressure overload (56). However, in other 
animal models of chronic pressure overload it has been reported that alteration of CTGF levels are 
of little consequence to the phenotype (57, 58). In stark contrast, it has also been reported that CTGF 
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exerts protective effects during experimental cardiac pressure overload (59). Additional evidence for a 
pathogenic role of CTGF in cardiovascular disease comes from a study in experimental diabetes, which 
showed that neutralizing anti-CTGF antibody therapy prevented and reversed arterial stiffening, cardiac 
dysfunction and hypertension (60). Future studies should clarify the role of CTGF in the pathogenesis 
of cardiovascular disease and should evaluate whether anti-CTGF therapies are beneficial. 
An interesting question is what the source is of the increased plasma CTGF in patients with manifest 
cardiovascular disease. The N-terminal CTGF cleavage fragment is the predominant form of CTGF in 
plasma and is largely cleared by the kidney (61). Indeed in our study, plasma CTGF was negatively related 
to eGFR. However, multivariate survival analysis adjusting for eGFR showed CTGF to be independent 
of renal clearance, indicating an additional contribution of locoregional de novo production. Under 
physiological circumstances CTGF is produced at low levels. As discussed in cardiovascular pathology 
increased CTGF expression has been shown in many tissues and cells, including atherosclerotic plaques 
and fibrotic myocardium (6, 20), cardiomyocytes and fibroblasts upon myocardial infarction (6) and 
endothelial cells, vascular smooth muscle cells and cardiomyocytes exposed to mechanical stress as in 
hypertension (50-52). However, given the wide variety of tissues that overexpress CTGF during disease 
that are also involved in cardiovascular disease, the source of the excessive plasma CTGF is probably 
even more diverse.  
Our finding that CTGF is associated with total and LDL cholesterol may suggest that CTGF is involved 
in the pathway through which lipoproteins promote the development of atherosclerotic vascular disease. 
This is supported by previous observations that treatment of human aortic endothelial cells with LDL 
induced CTGF gene expression (62) and that HMG-CoA reductase inhibitors inhibited CTGF induction 
in human umbilical cord endothelial cells exposed to non-uniform shear stress (63). 
	 Remarkably, while the association with the composite endpoint of vascular events was 
evident, we did not observe an increased risk of ischemic stroke in patients with higher baseline plasma 
CTGF. Plasma CTGF was lower in patients with previous cerebrovascular disease, but stratification 
for prior cerebrovascular disease did not substantially change the results. Although our study provides 
no proper explanation for the discrepancy between cerebrovascular and other vascular events, it is 
interesting to note that in a previous study we observed an association between CTGF levels in carotid 
plaques from patients undergoing carotid endarteriectomy and stable plaque characteristics (19).

Study limitations
We acknowledge several limitations of this study. First, we measured CTGF only once at baseline. However, 
it is not known to what extent CTGF levels vary over time in the individual patient. Second, recruitment 
was conducted at a single center and the study population included mainly Caucasian patients. Both 
facts limit the generalization of our results to a wider-ranging population with manifest vascular disease. 
Strengths of the present study are the large number of well-described patients with various 
manifestations of atherosclerotic vascular disease and the virtually complete follow-up. 

Conclusions
Elevated plasma CTGF increases the risk of cardiovascular events and all-cause mortality in 
patients with manifest vascular disease. CTGF may therefore be regarded as a novel marker to 
identify vascular patients at the highest risk of recurrent cardiovascular events and mortality. 
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Supplementary material

Supplemental Figure 1: Univariate correlation with regression line comparing logCTGF with LDL cholestrol and 
total cholesterol respectively.

Supplemental Figure 2: Rat pericytes stimulated with 5ng/ml  TGFβ1 (R&D systems) for 24hours show an 
increased expressionof Col1α2 and alpha-Smooth Muscle Actin (αSMA). Fibronectin (Fn1) expression was not 
altered by TGFβstimulation. Stimulation with 200ng/ml rhCTGF (Biovendor) did not significantly alter Col1a2, Fn1 
or αSMA expression. However, a combination of  TGFβ and CTGF significantly increased Col1α2, Fn1 and αSMA 
expression compared to TGFβ alone suggesting a synergistic effect on pericytes under pathological conditions. N=3; 
Error bars represent SEM; * p<0.05, ** p<0.01; Represents ANOVA with Tukey correction for multiple testing.
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Abstract 

Fibrosis is the common end point of chronic kidney disease. The persistent production of
inflammatory cytokines and growth factors leads to an ongoing process of extracellular matrix 
production that eventually disrupts the normal functioning of the organ. During fibrosis, the 
myofibroblast is commonly regarded as the predominant effector cell. Accumulating evidence has 
demonstrated a diverse origin of myofibroblasts in kidney fibrosis. Proposed major contributors 
of myofibroblasts include bone marrow-derived fibroblasts, tubular epithelial cells, endothelial 
cells, pericytes and interstitial fibroblasts; the published data, however, have not yet clearly defined 
the relative contribution of these different cellular sources. Myofibroblasts have been reported to 
originate from various sources, irrespective of the nature of the initial damage responsible for the 
induction of kidney fibrosis. Here, we review the possible relevance of the diversity of myofibroblast 
progenitors in kidney fibrosis and the implications for the development of novel therapeutic 
approaches. Specifically, we discuss the current status of preclinical and clinical antifibrotic therapy 
and describe targeting strategies that might help support resident and circulating cells to maintain 
or regain their original functional differentiation state. Such strategies might help these cells 
resist their transition to a myofibroblast phenotype to prevent, or even reverse, the fibrotic state.

Key points

•	 Myofibroblasts in kidney fibrosis potentially originate from diverse origins such as bone 
	 marrow-derived fibroblasts, tubular epithelial cells, endothelial cells, pericytes and 
	 interstitial fibroblasts
•	 Myofibroblasts derive from either one or more sources as shown by independent studies, 
	 irrespective of the nature of the initial damage responsible for the induction of kidney 
	 fibrosis
•	 The diversity of myofibroblast progenitors in kidney fibrosis might be relevant in the 
	 development of novel therapies
•	 Some systemic therapies inhibiting myofibroblast accumulation and fibrotic development 
	 exist but efficacy and safety during CKD is not clear cut
•	 Targeting strategies to support resident and circulating cells in maintaining or regaining 
	 their original functional differentiation state and resisting transition to a myofibroblast 
	 phenotype, might help to prevent fibrosis
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Introduction 

The process of fibrosis or scar formation involves a complex interplay between multiple pleiotropic 
genes, including transforming growth factor β (TGF-β), vascular endothelial growth factor (VEGF), 

platelet derived growth factor (PDGF), epidermal growth factor and connective tissue growth factor (1, 
2). The proliferative response of fibroblasts following injury provides an initial advantage, by helping to 
maintain tissue integrity and reduce the chance of infection; however, the regenerative potential of the 
tissue is ultimately limited by this response and the functions of the injured organ are further reduced (3). 
The proliferative response possibly reflects an ancient evolutionary pressure that has skewed the tissue 
response to injury towards fibrosis; this process would protect the damaged organ against hazardous 
external factors, at the expense of long-term regeneration. Less challenging environmental and societal 
conditions and improved health care make regeneration favourable compared to quick fibrotic repair, as 
well as the increase in the mean age and lifespan. Understanding the mechanisms behind fibrosis is essential 
for the development of therapies that can correct or adjust this balance, so as to reduce unnecessary scar 
formation in pathologies such as kidney disease. The therapeutic potential of interventions that target 
known profibrotic factors has been extensively studied (1, 4); however, these studies have not yet resulted 
in the establishment of effective clinically available antifibrotic therapies. (5). Exploration of alternative 
intervention points for the management of kidney fibrosis is therefore warranted. Myofibroblasts are 
the key effector cell-type during fibrotic disease; they are the main producers of extracellular matrix 
(ECM), crosslinking enzymes, and inhibitors of matrix degrading metalloproteinases and increase 
in number during fibrosis (6). The exact origin of the myofibroblast during chronic kidney disease 
(CKD) is widely debated. The purpose of this Review is to summarize the evidence for the various 
potential origins of myofibroblasts in the context of kidney fibrosis. We also discuss the possible 
clinical implications of the distinct myofibroblast progenitors with respect to drug-targeting strategies.

Wound healing response
Kidney injury, for example caused by trauma, toxic exposure, or immune complexes, initiates a wound 
healing response. The early stage of wound healing is characterized by the rupture of platelets and the 
subsequent formation of a fibrin mesh, which leads to blood coagulation. This mesh recruits neutrophils 
and monocytes that become polarized macrophages. Macrophages can be polarized towards numerous 
different subtypes; major subtypes include M1 polarized proinflammatory macrophages and M2 

Figure 1: Differentiation 
steps of fibroblasts towards 
myofibroblast subtypes.
Interstitial fibroblasts are 
characterized by the production 
of fibronectin and the absence 
of filamentous-actin, αSMA 
and ED-A fibronectin. The 
protomyofibroblast produces 
ED-A fibronectin, contains 
stress fibres and focal 
adhesions, but does not yet 
contain the contractile αSMA 
thus representing an immature 
myofibroblast. Mature 
myofibroblasts show abundant 
production of ED-A fibronectin 
and F-actin and are characterized 
by the presence of αSMA. The 
transition from fibroblasts to 
protomyofibroblasts is reversible 
(solid line), but it is not known 
whether myofibroblasts can also 
redifferentiate into fibroblasts 
(dotted line).

polarized wound healing-associated macrophages (7). The later stage of 
the wound healing response can be further subdivided into three phases 
(8). During the first phase, the macrophage population shifts from an M1 
to an M2 phenotype, and from promoting an inflammatory response to 
promoting tissue regeneration (9). M2 macrophages secrete high levels of 
growth factors, such as TGF-β1, PDGF, and pro-epidermal growth factor, 
which induce cellular proliferation and synthesis of the ECM. Under 
the influence of these growth factors, myofibroblasts become highly 
abundant in the second phase, start to produce ECM components, and 
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exert tensile forces to facilitate wound closure (10, 11). Upon repetitive injury, as observed in CKD, the 
second stage of the wound healing response fails to resolve and fibrosis might ensue during a third phase. 
The third phase is characterized by protracted excessive deposition of ECM, increased crosslinking of 
collagen fibres, and decreased degradation of the ECM (10). Figure 1 summarizes the main sequence of 
events with regard to fibroblast activation. A full overview of the involvement of inflammatory cells, the 
myofibroblast differentiation sequence and proliferation promoting signals, is provided elsewhere (12-14).

Techniques to study myofibroblasts 
Several approaches can be used to determine the origin of myofibroblasts during disease. The two main 
methods involve studying the expression of differentiation markers and/or labelling of progenitor cells 
followed by lineage tracing. The following sections describe both the technical aspects of the methods 
used and the results that have been obtained thus far with regard to the origins of myofibroblasts 
during kidney injury. A glossary of terms used throughout this Review can be found in Box 1.

Expression of 
differentiation markers
Numerous studies have 
attempted to describe 
the expression of 
myofibroblast markers 
and to document any 
overlap with markers 
considered to be 
specific for renal cells 
(mesenchymal, epithelial, 
or endothelial) and cells 
of extra-renal origin 
(15). A clear definition 
of the myofibroblast is 
yet to be agreed on, and  
therefore researchers 
currently use distinct but 
overlapping definitions. 

The myofibroblast was first identified as a cell type in fibrotic contractures, with features reminiscent 
of both fibroblasts and smooth muscle cells (16); cell biologists have now generally accepted that a 
myofibroblast is a differentiated cell that shows both of these characteristics. A myofibroblast is defined 
by its ultrastructural features, such as large and expanded endoplasmatic reticula and a fibronexus 
containing intracellular myofilaments (17). Preparing samples for electron microscopy to visualize such 
features, however, is labour intensive, time consuming, and costly and therefore immunohistochemical 
analysis followed by light microscopy of cell-surface markers is often used as an alternative to identify 
myofibroblasts. Myofibroblasts produce substantial amounts of ECM while additionally exhibiting 
contractile properties mediated by intermediary filament proteins, such as vimentin (VIM) and aortic 
smooth muscle actin (ACTA2, commonly known as αSMA) (18). Myofibroblasts express high levels of 
αSMA, a stress fibre protein that facilitates increased contractility; as such, αSMA is generally accepted 
as a definitive marker that is capable of identifying all myofibroblasts present in the studied tissue 
(19). Approximately 75% of collagenproducing cells express αSMA, indicating that this marker can be 
used to identify the majority of fibrotic mediator cells, but it is not fully sensitive (20). During fibrosis, 
interstitial mesenchymal cells and myofibroblasts might comprise a heterogeneous group of cells that 
shift during disease progression, both in terms of marker expression and function (15). Table 1 provides 
an overview of the cellular function of these precursor cells and the expression of their defining markers. 
The expression of most markers overlaps between these interstitial cell types, and consequently it should 
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Table 1: Features of different types of interstitial cells in the kidney

Cell Type Marker Feature
αSMA PDGFRβ S100 NT5E DES VIM Function Location

Fibroblast n y y y n y
ECM maintenance
structural support to 
the parenchyma

Interstitial 
In contact with 
the epithelium and 
epithelial basal 
membrane

Myofibroblast y y y y n y
Wound contraction
Tissue healing 
response

Absent under 
physiological 
conditions
Present in the 
interstitium under 
pathological 
conditions

Pericyte y y n y y y
Vascular stability
Production of 
VEGF-A
Chemical and/or 
mechanical sensation

Interstitial
In contact with 
the endothelium 
and endothelial 
basement 
membrane

VSMC y y y n y y Regulating vascular 
wall tonus

Medial layer of 
blood vessels

*Owing to the overlap of marker expression, only ultrastructural analysis can discriminate between these 
four interstitial cell types. Other cell types, such as leucocytes, also express these markers. Abbreviations: 
αSMA, aorta smooth muscle actin; DES, desmin; ECM, extracellular matrix; NT5E, 5′-nucleotidase 
(CD73); PDGFRβ, platelet-derived growth factor receptor, β; S100A4, S100 calcium binding protein A4; 
VEGF, vascular endothelial growth factor A; VIM, vimentin; VSMC, vascular smooth muscle cell; y, yes; 
n, no.

be noted that no marker has yet been identified that is fully specific for the individual precursors. The 
majority of fibroblasts express αSMA, but not all αSMA-positive cells produce large amounts of collagen. 
These αSMA-positive ECM-negative cells might represent leucocytes, thus impairing the specificity 
of αSMA as a marker of myofibroblasts. Alternatively, non-ECMproducing αSMA-positive cells might 
represent a subset of myofibroblasts that are predominantly contractile (21). Other markers that have 
been used to identify myofibroblasts include protein S100-A4 (S100A4), Vimentin (VIM), platelet 
derived growth factor receptor β (PDGFRβ) and 5’-nucleotidase (NT5E) (15, 22, 23). S100A4 and 
VIM were initially considered to be myofibroblast specific; however, these markers have subsequently 
been identified in macrophages, and thus cannot be used to specifically identify myofibroblasts(24, 25).
	 Figure 2 illustrates that there is only partial overlap in the cellular expression of αSMA, 
VIM and PDGFRβ during kidney fibrosis; studies of myofibroblasts that employ only one cellular 
marker should therefore be interpreted with caution. Furthermore, scoring of marker expression using 
techniques such as immunohistochemistry can be subjective and provides only indirect evidence 
regarding myofibroblast origin, being at best a static snapshot of the very dynamic fibrotic process.

Figure 2: Expression of fibroblast 
markers only partially overlap in 
kidney fibrosis. A human kidney 
biopsy sample from a patient 
with allograft nephropathy was 
analysed by three staining methods 
to determine overlap in fibroblast 
marker expression. The upper and 
lower panels show a different field of 
view. A: Masson trichrome staining 
illustrates the extent of interstitial 
fibrosis. B: Co-immunofluorescence 
for αSMA (red, TRITC) and 
VIM (green, FITC). The arrow 
indicates interstitial cells that are 
positive for VIM but negative 
for αSMA. The insert shows a 
myofibroblast that is (Figure 
2, continued) positive for both 

αSMA and VIM. C: Immunohistochemistry for PDGFRβ expression in the corresponding areas to parts a and 
b. All areas show severe collagen deposition, suggesting that interstitial cells can produce large quantities 
of extracellular matrix, despite lacking expression of αSMA. The arrows indicate the same position 
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Permanent labelling and lineage tracing
Direct evidence regarding the contribution of specific cell types to the myofibroblast pool during 
fibrotic kidney disease has been obtained from lineage tracing in animal studies using genetic 
labelling techniques. Lineage tracing of kidney cells relies on the permanent labelling of parent 
cells and their subsequent progeny cells, based on the transient expression of specific markers for 
distinct cell types or cellular compartments (26). This technique can be performed either during 
development or during the postnatal period of the genetically labelled animals (27). Studies have 
used Sox2 to label epithelial cells; Foxd1, to label mesenchymal cells; Tie2, to label endothelial 
cells; and P0 (also known as Mpz) to label neural crest cells (28-30). Using the Cre recombinase 
system, transient expression can be used to permanently induce tracer protein expression, 
such as green fluorescent protein (GFP), in these distinct cell types and their progeny (31). An 
example of how this system could be used to trace Foxd1-positive cells is illustrated in Figure 3.

Figure 3: Schematic of the Cre–lox system 
used to trace FOXD1-positive pericytes. 
A: Transgenic mouse “A” contains Cre 
recombinase capable of recognizing loxP 
sites, under the control of a specific tracer–
marker promoter (in this case Foxd1). The 
Cre recombinase is only expressed in cells 
that are positive for the marker. B: Transgenic 
mouse “B” contains a signalling sequence (in 
this case GFP) that is driven by a ubiquitous 
driver sequence (Rosa26) that is normally 
prematurely terminated by an inserted stop 
codon. The stop sequence is flanked by loxP 
sites. C: Crossbreeding mouse “A” and 
“B” can produce transgenic mouse “C” in 
which the tracer or marker promoter driven 
Cre recombinase recognizes the loxP sites 
flanking the stop sequence, upon which the 
latter is excised. This excision allows the 
driver sequence to complete transcription 
and translation of the signalling cassette, 
thus allowing for specific lineage tracing. 
D: An epithelial cell not expressing FoxD1 
does not have a tamoxifen-specific modified 
oestrogen receptor Cre recombinase (ER/
Cre) fusion protein expressed at the cell 
membrane. Consequently, activation of 
the ER with tamoxifen does not occur and 

does not lead to fusion protein translocation to the nucleus and signal protein expression by recombining the stop 
sequence out of the DNA. In pericytes, however, FoxD1 driven ER/Cre fusion protein expression does occur. 
Subsequently, tamoxifen injection ultimately leads to permanent signal protein expression allowing for timed 
FOXD1 specific tracing of pericytes. Abbreviations: FOXD1, forkhead box D1; GFP, green fluorescent protein.

Origin of interstitial myofibroblasts

Interstitial cells of mesodermal origin
The definition of kidney interstitial mesenchymal cells or fibroblasts is not straightforward as it 
is based on ill-defined morphology, nonspecific marker expression and the absence of markers 
that define specific cellular functions (15). Pericytes and resident interstitial fibroblasts show 
overlapping basal expression of several markers that were previously described as being specific 
for either cell type (15). Table 2 lists the utilized markers of embryonic mesodermal lineage and of 
differentiated mature cell populations that are relevant for research into the origins of myofibroblasts.
	 A series of observations have converged on the concept that pericytes—resident interstitial 
mesenchymal cells supporting capillary endothelial cells—are the main source of myofibroblasts in 

(Figure 2, continued) in consecutive microscopic images, as shown in panel b. The asterisks mark tubules. Despite 
severe interstitial fibrosis, no positive expression for αSMA, VIM or PDGFRβ is observed. All images were taken 
in the same field of view at a magnification of ×400. Abbreviations: αSMA, aorta smooth muscle actin; FITC, 
fluorescein isothiocyanate; PDGFRβ, platelet derived growth factor β; TRITC, tetramethylrhodamine; VIM, vimentin.
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Table 2: This table lists al published lineage trace experiments to date 
Cell type Traced marker Model Results Ref.

Interstitial fibroblasts 
(neural crest derived) P0 UUO

~100% of cortical and medul-
lary resident fibroblasts were 
of P0 origin.
Reduced EPO production

(28)

Pericytes and interstitial fibroblasts
PDGFRβ UUO 

COL4A3-KO
Cellular proliferation, with no 
contribution to fibrosis (34)

NG-2 UUO 
COL4A3-KO

Cellular proliferation, with 
6% contribution to fibrosis (34)

Pericytes, perivascular fibroblasts, 
VSMCs, and mesangial cells FOXD1 UUO 

IR

100% co-expression of 
FOXD1 and PDGFRβ in 
pericytes. 
~25% co-expression of αSMA 
and FOXD1 lineage 

(29)

Epithelial cells

γGT UUO 5% contribution to myofibro-
blasts (34)

SIX2 UUO 
IR

No contribution to myofibro-
blasts (29)

γGT UUO 36% contribution to myofi-
broblasts (54)

Collecting duct and urothelial cells HOXB7 UUO 
IR

No contribution to myofibro-
blasts (29)

Endothelial cells CDH5 UUO 10% contribution to myofi-
broblasts (34)

Endothelial cells 
(and a subpopulation 
of monocytes)

TIE2 (and CD31 
co-expression)

UUO 
IR 
COL4A3-KO

30–50% contribution to myo-
fibroblasts (30)

TIE2 STZ-induced DN 28% contribution to myofi-
broblasts (67)

TIE2 CRIM1-KO 
(VEGFA deficiency)

31% co-expression of TIE2 
and αSMA 6% coexpression 
of TIE2, αSMA and F4/80 

(68)

Cells of extrarenal origin 
and/or bone marrow cells

αSMA bone 
marrow trans-
plant

UUO

35% contribution to myofi-
broblasts.
Contribution to fibrosis is 
independent of proliferation

(34)

S100A4 bone 
marrow trans-
plant

None 
UUO 

12% contribution to inter-
stitial fibroblasts, without 
fibrogenic stress
15% contribution to myofibro-
blasts during stress

(54)

Sex mismatch 
bone marrow 
transplant using 
COL1A2-lucif-
erase 

UUO

8.6% contribution of bone 
marrow-derived cells to myo-
fibroblasts
No contribution to COL1A2 
synthesis

(75)

T and B leukocytes RAG1-KO COL4A3-KO Reduced interstitial fibrosis (117)

Abbreviations: αSMA, aorta smooth muscle actin; γGT, γ-glutamyl transpeptidase; CDH5, cadherin 5, type 2 
(vascular endothelium); COL1A2, collagen type 1, α 2; COL4A3, collagen, type IV, α 3 (Goodpasture antigen); 
EPO, erythropoietin; FOXD1, forkhead box D1; HOXB7, homeobox B7; IR, ischaemia–reperfusion; KO, 
knockout; NG-2, neural–glial antigen 2; P0, myelin protein zero; PDGFRβ, platelet-derived growth factor receptor, 
β polypeptide; RAG1, recombination activating gene 1; S100A4, S100 calcium binding protein A4; SIX2, SIX 
homeobox 2; UUO, unilateral ureteral obstruction.; STZ, streptozotocin; DN, diabetic nephropathy. 
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kidney fibrosis. In an experimental rat model of obstructive nephropathy, an inverse correlation between 
expression of αSma and Nt5e was observed, suggesting the conversion of interstitial mesenchymal 
cells into myofibroblasts (32). The majority of fibroblasts in a rat model of angiotensin II-induced 
kidney fibrosis were found to be derived from resident renal interstitial cells (33). These interstitial 
cells were later identified as perivascular pericytes, which trans-differentiated into collagen-producing 
myofibroblasts (20). Subsequent Foxd1-driven lineage tracing in mice has provided further support for 
the notion that pericyte-derived cells account for the vast majority of αSMA-positive cells in kidney 
fibrosis (29). Another murine lineage tracing study that used P0-driven Cre recombinase, indicated that 
a large proportion of the interstitial myofibroblast pool is derived from erythropoietin (EPO)-producing 
interstitial mesenchymal cells, which are derived from the neural crest during embryogenesis (28). 
Under conditions of cellular stress, these cells were observed to lose expression of EPO and subsequently 
transformed into myofibroblasts. Furthermore, a subset of these cells additionally expressed forkhead 
box protein D1 (FOXD1). An overlap between P0 and FOXD1 was shown in this study, and therefore 
common ancestry has been suggested. Further elaboration of this observation is made elsewhere (18). 
	 Contradictory to these findings, other studies have suggested that myofibroblasts might 
be derived from interstitial fibroblasts that are not expressing pericyte markers. Moreover, although 
pericytes accumulate in the interstitium during CKD, they have not been shown to contribute to 
the pool of myofibroblasts that express αSMA or collagen in several genetic mouse models of 
kidney fibrosis (34). Irrespective of the numerical contribution of pericyte transformation into 
myofibroblasts, the sequence of pericyte detachment from endothelial cells leading to capillary 
instability (and an associated subsequent increase in fibrosis), seems to be a hallmark of CKD (35, 36).
	 Mesangial cells are commonly regarded as glomerular pericytes (37). Research 
both in vitro and in vivo, has shown that mesangial cells are capable of transforming 
into αSMA-positive cells under profibrotic conditions (38-40). Furthermore, a positive 
correlation between glomerular αSMA expression, mesangial expansion, and glomerular 
type IV collagen expression has been observed in rats with diabetic nephropathy (41). 

Epithelial cells
Epithelial-to-mesenchymal transition (EMT) is a physiological process characterized by the differentiation 
of epithelial cells towards a more mesenchymal phenotype (42). During During development, EMT 
occurs during gastrulation, whereby ectodermal cells differentiate to form new cells of the mesodermal 
germ layer (43). Phenotypically, EMT is usually defined as the loss of typical epithelial markers, 
such as E-cadherin and tight junction protein ZO-1 (TJP1), while gaining mesenchymal markers, 
such as VIM, αSMA, and S100A4. Outside of its function during development, EMT contributes to 
tumour progression and fibrogenesis in various organs, including the lungs, liver, kidneys, and heart.
	 EMT has been proposed to be important mechanism responsible for the accumulation of 
interstitial myofibroblasts and collagen production during kidney fibrosis (43). Expression of αSMA has 
been detected in tubular and glomerular epithelia in association with disease progression, in both a remnant 
kidney model and during experimental glomerulonephritis (44, 45). Furthermore, it has been proposed 
that the EMT might be responsible for the loss of podocytes that occurs in diabetic kidney disease (46); 
features of EMT have also been observed in human tissue samples obtained by biopsy of patients with 
various other renal diseases (47-49). Bone morphogenetic protein 7 (BMP7), hepatocyte growth factor 
(HGF) and EPO are known inhibitors of EMT in vitro (50). Injections of BMP7, HGF, and EPO in vivo 
inhibited the increased expression of mesenchymal markers by tubular epithelial cells in murine models 
of unilateral ureteral obstruction (UUO) and nephrotoxic nephritis-induced CKD (51-53). The possible 
transition of these cells into interstitial myofibroblasts, however, was not addressed in these studies. 
In an early lineage tracing study, γ-GT-driven GFP expression in a murine model of UUO indicated 
that cells of tubular epithelial origin undergoing EMT contributed 36% to the tubulointerstitial 
myofibroblast pool (54). A later study from the same researchers, using essentially the same mouse 
model, reported a much smaller contribution of these cells (5%) without providing a clear explanation 
for the observed difference (34). Subsequent studies have attempted, but not succeeded, to reproduce 



61Origin of the Myofibroblast  Chapter 4

the first observation in similar and other in vivo models, although EMT of tubular epithelial cells in 
vitro has been confirmed by numerous independent groups (29). An epithelial tracing study using 
the Cdh16 promoter in a model of obstructive nephropathy failed to identify a contribution of the 
tubular epithelium to the myofibroblast pool by undergoing EMT (55). An additional report showed 
that epithelial overexpression of TGF-β, driven by Pax8, resulted in tubular autophagy and induced 
interstitial fibrosis (56). No induction of S100A4 expression, as a marker of fibroblast differentiation, 
or migration of tubular epithelial cells into the interstitium, however, was observed at an ultrastructural 
level; in this case it is most likely that interstitial fibrosis occurred by paracrine signalling. Other markers 
of possible in situ EMT, such as Snai1, Twist1, or Snai2 (57),were not addressed in this study (56). 
	 The role of EMT in the context of loss of epithelial and acquisition or 
reacquisition of certain mesenchymal features and markers by tubular epithelial 
cells in CKD is largely undisputed. However, the direct contribution of this EMT 
reminiscent process to the interstitial myofibroblast pool seems unlikely (58, 59).
	 Numerous studies have demonstrated that EMT is involved in glomerular disease. Extra-
capillary lesions that occur in crescentic glomerulonephritis are derived from parietal epithelial cells 
of the Bowman capsule (60). The contribution of podocytes to glomerulosclerosis has not been studied 
extensively, although successful podocyte-tracing methods have been described during glomerular injury 
(61-63). The association between podocytes and glomerulosclerosis has not yet been addressed using a 
lineage tracing approach, however. Podocyte-mediated production of VEGF is required for glomerular 
endothelial and mesangial stability; therefore, loss of healthy podocytes might lead to capillary collapse 
and glomerulosclerosis (64). Furthermore, it has been suggested that αSMA might not be an appropriate 
marker for monitoring the fibrotic transition of glomerular epithelial cells. Transgelin could prove to 
be a more suitable marker for fibrotic effector cell research in glomerulopathies as it seems to be more 
sensitive and specific than αSMA with regard to glomerular injury and fibrotic cell activation (65). 

Endothelial cells
The endothelia can transdifferentiate towards a more mesenchymal phenotype, in a similar manner 
to epithelial cells. This process is known as endothelial-to-mesenchymal transition (EndoMT) (66). 
EndoMT has been suggested to contribute to the increased number of myofibroblasts during kidney 
disease (30). Cells, double labelled with the pan endothelial marker platelet endothelial cell adhesion 
molecule 1 (PECAM-1) and αSMA, and Tie2-YFP lineage-traced cells, were counted in three different 
rodent models of kidney disease. From these experiments, the contribution of EndoMT was calculated 
to be ~40%. Consistent with this observation, EndoMT was subsequently found to give rise to a large 
proportion of myofibroblasts during experimental diabetic kidney disease (67). In Tie2–GFP mice, cells 
that are derived from a lineage that once expressed endothelial-specific Tie2, permanently express GFP. 
Following streptozotocin injection to induce diabetic nephropathy in Tie2–GFP mice, ~10% of αSMA-
positive cells were positive for enhanced GFP, and were thus considered to have derived from Tie2lineage 
cells. By analysing GFP overlap with PECAM-1, the specificity of the Tie2 based lineage tracing approach 
was determined. An additional 80% of this subpopulation of cells was also positive for the expression of 
PECAM-1, resulting in an 8% computed contribution of endothelial cells to the interstitial myofibroblast 
pool. Crim1 mutant mice develop renal cysts and fibrosis owing to aberrant capillary formation. Fate 
tracing of Tie2-positive cells in this mouse model showed that these cells contributed 31% of the interstitial 
myofibroblasts, composed of 6% cells of monocyte origin, and 25% cells of endothelial origin (68). 
These studies suggest that endothelium-derived cells contribute to the myofibroblast pool 
during fibrotic disease. The magnitude of this contribution may vary depending on the 
model used. Interestingly, in a porcine model of ischaemia–reperfusion injury, an association 
between complement system activation and EndoMT was identified (69). Accessibility 
of both the endothelium and the complement system make this an interesting finding for 
further development of targeted therapeutics; however, causality has yet to be established.
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Cells of extra-renal origin
In addition to resident kidney cells, circulating cells might also contribute to the interstitial myofibroblast 
pool in kidney fibrosis. Both mesenchymal stem cells and fibrocytes derived from haematopoietic stem 
cells are capable of differentiating into collagen-expressing αSMA-positive myofibroblasts in vitro under 
profibrotic conditions (70-72). Studies in bone marrow-depleted mice injected with GFP-positive donor 
bone marrow have indicated that ~15% of myofibroblasts may originate from circulating cells (54). 
	 Transplantation of bone marrow harbouring a red fluorescent protein transgene under the 
control of the αSma promoter indicated that ~35% of interstitial myofibroblasts originated from 
the bone marrow in both a murine model of obstructive nephropathy and a genetic murine model 
of Alport syndrome (34). Furthermore, these bone marrow-derived (myo)fibroblasts, actively 
contributed to fibrosis (73). Data from a rat model of ischaemia–reperfusion injury showed similar 
results. Injection of human alkaline phosphatase-expressing bone marrow cells showed that >30% 
of these cells contribute to the interstitial kidney myofibroblast pool (74). Other studies, however, 
show contradictory data. In human sex-mismatched kidney-allograft recipients (75) and experimental 
chronic kidney allograft nephropathy, circulating recipient progeny cells were observed as interstitial 
myofibroblasts (76). Consistently, a mouse model of obstructive nephropathy showed that subsequent 
to transplantation of sex-mismatched bone marrow, only 9% of myofibroblasts originated from bone 
marrow cells (77). The same study, however, used Col1a2 promoter-driven luciferase to show that 
circulating cells did not contribute to collagen production. Transplantation of bone marrow cells 
expressing GFP under the control of the Col1a2 promoter additionally did not support a contribution 
of bone marrow-derived cells to collagen production in kidney fibrosis (20). In another study 
performed by the same research group, mice transplanted withCol1a1-GFP chimeric bone marrow 
failed to show a direct contribution of bone marrow cells to kidney fibrosis (78). Taken together, 
these latter two studies show that the direct contribution of bone marrow cells to the interstitial 
myofibroblast pool, other than through paracrine or endocrine signalling, seems highly unlikely.

Caveats to lineage experiments
Although much research has been performed to study the origin of the myofibroblast during CKD, 
numerous discrepancies exist in the reported data. Several general factors that potentially influence the 
reliability of the results should be noted and great care should be taken to ensure that future studies 
are comparable. The choice of mouse strain can be a large influence on fibrotic development (79),  as 
can the duration and severity of the model used. It has been postulated that only during very late and 
severe stages of kidney disease is the tubular basal membrane sufficiently damaged to allow epithelial 
cells to infiltrate the interstitium and contribute to the fibrotic process. The infiltration of epithelial cells 
could be a factor that affects in vitro data, as no basal membrane is present in most culture systems.
	 Caveats in the use of non-inducible Cre–lox recombination systems have been identified 
primarily with regard to the sensitivity and specificity of the genetic tracing constructs used. First, 
it must be shown that the transiently-expressed specific promoter used for tracing experiments 
is not reactivated later in life or during disease progression, as this process would reduce the 
specificity of the tracing. By using an inducible Cre, such as an oestrogen receptor fusion protein, 
specific subsets of cells can express Cre recombinase only when tamoxifen is coadministered. 
This approach leaves only a small window of opportunity for recombination to occur and thereby 
increases specificity. In addition, it is essential to demonstrate that artificially truncated or 
randomly inserted versions of the transgenes are not expressed differentially when compared to the 
endogenous gene, by assessing both transgenes under physiological and pathological conditions.
	 The specificity of the promoters used for tracing experiments must be demonstrated. 
TIE2 is commonly regarded as a marker specific for endothelium; however, it should be noted 
that although TIE2 is sensitive for endothelial cells, it is not specific as it also marks myeloid-
derived cells, such as monocytes (80). In addition, TIE2 is expressed in cells of mesenchymal 
origin that ultimately give rise to vascular smooth muscle cells and pericytes (81). Numerous 
cell types that express overlapping markers can bias tracing study results. Critical reviews 
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describing these shortcomings and discrepancies can be found elsewhere (15, 18, 59, 82, 83). 

Anti-fibrotic therapy
Targeting myofibroblasts is the cornerstone of rational antifibrotic therapy owing to the pivotal 
role of this cell type in the production of profibrotic mediators and in the deposition of ECM 
components (84). Molecular medicine has yielded a wide range of targeted agents, including 
kinase inhibitors and biologic therapies, which can be used for antifibrotic therapy (85, 86). These 
agents have proven effective in the preclinical setting; however, they have failed to advance into 
clinical practice, primarily due to a poor balance between antifibrotic efficacy and adverse effects. 

Direct targeting
Targeted accumulation of antifibrotic therapeutic agents in the kidney, and especially in kidney 
myofibroblasts, may improve their therapeutic index. Such accumulation can be achieved with the use 
of nanomedicines, such as nanoparticulate carriers or conjugates that bind to cell-surface receptors on 
myofibroblasts. Using this approach, nanocarriers can deliver a drug load inside myofibroblast cells 
when internalization is triggered by binding to the receptor. Hypothetically, this process will increase 
local antifibrotic activity with lowered systemic drug exposure. Such a strategy has not yet been 
described for kidney disease, but other studies in liver fibrosis describe nanocarrier-based strategies 
that might be feasible for targeting kidney myofibroblasts (87, 88).

Nanocarriers
Indirect targeting relies upon the delivery of antifibrotic agents into other resident kidney cells, which then 
subsequently release these drugs in the kidney parenchyma, to provide localized antifibrotic activity on 
a tissue level rather than a cellular level. Table 3 details the nanocarrier strategies that can be employed 
for delivering antifibrotic compounds to the kidney through recognition by various cell surface receptors.
One of the most appealing approaches to deliver therapeutic compounds to the kidney is through the 
targeting of tubular epithelial cells. The proximal tubular epithelium is highly active in accumulating 
compounds from the filtered urine via the multitude of receptors in the luminal brush-border (89). 

Table 3: Drug targeting to myofibroblasts via surface receptors on kidney cells
Target Nanocarrier system Validation 
Proximal tubules
Megalin (LRP2) Y27632-lysozyme conjugate 

SB201290-lysozyme conjugate 
LY-364947-lysozyme conjugate 
Imatinib-lysozyme conjugate 
EPAC activator 007-lysozyme conjugate

Unilateral IR in rats (90)
Unilateral IR in rats (92)
UUO in rats (115)
Healthy & UUO mice (114)
Unilateral IR in mice (118)

Mycophenolate-glucosamine conjugate 
Prednisolone-glucosamine conjugate

Unilateral IR in rats (94, 119) 
Unilateral IR in rats (93)

Prednisolone-low-molecular weight chitosan conjugate Healthy mice (120)
Folate receptor 1 Rapamycin-folate conjugate PKD in mice (bpk model) (91)
Unknown target Arg-vasopressin-alkylglycoside conjugate Healthy rats (121)
Mesangium
alfa8 integrin Dye loaded anti-alfa8 immunoliposomes Lupus-susceptible mice (122)
Thy 1.1. Mycophenolate loaded OX-7 immunoliposomes anti-Thy 1.1 GN in rats (123)
Endothelium
E-selectin Dexamethasone loaded anti-E-selectin immunoliposomes anti-GBM in mice (124)
Podocytes
Podocyte specific 
antigen*

Anti-podocyte targeted siRNA-protamine polyplexes UNX in rats (125)

*Nanocarriers directed to these receptors have been developed for rodents only; human receptor homologues 
have not yet been identified. Abbreviations: GBM, glomerular basement membrane; IR, ischaemia–
reperfusion; OX7, mouse monoclonal anti-Thy1 antibody; PKD, polycystic kidney disease; siRNA, small 
interfering RNA; Thy1.1, thymocyte differentiation antigen 1.1; UUO, unilateral ureteral obstruction.GN, 
glomerulonephritis. UNX, Uninephrectomy. 
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Among these, low density lipoprotein receptor-related protein 2 (commonly known as megalin/
cubulin), and folate receptor 1α have been exploited successfully for drug targeting purposes (90, 
91). These receptors can be reached only by filtered compounds, which justifies the investigation 
of relatively small drug–carrier conjugates that can pass through the glomerular filtration barrier. 
These drug-targeting approaches rely on the internalization of the nanocarrier and subsequent processing 
in the lysosomal compartment. This strategy is primarily feasible for small molecule agents that can 
diffuse over intracellular membranes and further redistribute once liberated from the carrier. Kinase 
inhibitor–lysozyme conjugates that can perturb the TGF-β, p38 MAPK, or Rho kinase signalling 
pathways have been shown to elicit downstream antifibrotic responses, such as reduced expression of 
inflammatory and profibrotic mediators (including CCL2 and TGF-β1), when evaluated in rat models of 
renal inflammation (unilateral renal ischaemia) and fibrosis (UUO) (90, 92). Protection against tubular 
damage was reported following tubular cell-directed delivery of the Rho kinase inhibitor, Y27632 (90), 
as well as following tubular delivery of immunosuppressive agents, such as mycophenolic acid and 
prednisolone, by means of 2-glucosamine-based conjugates (93, 94). Although long-term follow-up 
studies are lacking, these initial studies show the potential of antifibrotic therapeutic drug delivery 
in resident kidney cells and the subsequent modulation of profibrotic and antifibrotic mediators.

PDGFRβ is expressed by the majority of resident cell types in the kidney, and both PDGF ligands 
and PDGF receptors are overexpressed during fibrosis (95). Higher expression levels of PDGFRβ 
on the myofibroblast cell surface compared to normal kidney parenchyma make it an attractive route 
through which antifibrotic compounds can be accumulated into cells. Interferon-γ conjugates have 
been delivered to PDGFRβ-expressing fibroblasts by means of cyclic peptide ligands that contain a 
PDGFRβ peptide epitope. Chemical conjugation of peptide epitopes, or recombinant expression 
of a chimeric protein that comprises targeting peptides and the effector domain of interferon-γ, are 
techniques that have been used successfully (87). Targeting myofibroblasts in this way has not yet 
been explored in kidney fibrosis, but impressive results have already been demonstrated in the context 
of liver fibrosis. PDGFRβ-targeted interferon-γ derivatives accumulate in activated myofibroblasts 
upon intravenous administration in mice with CCl4-induced liver fibrosis, which subsequently 
inhibited both early and progressive stages of liver fibrosis (87). In a similar approach, cyclic PDGFβ 
peptides and manno-6-phosphate carbohydrate tethers were used to modify human serum albumin, 
thus obtaining albumin-based nanocarriers directed to fibroblasts (96). This approach has proved 
successful for the delivery of small molecule antifibrotic agents, such as 15-deoxy-delta12,14-
prostaglandin J2 (88), the angiotensin-receptor blocker losartan and an inhibitor of TGFβR1 (97, 98).

Manipulation of myofibroblast activity
Indirect approaches to influence renal myofibroblast activity can also be envisioned. Enhancing the 
production of antifibrotic mediators by kidney resident cells or, inversely, inhibiting the production 
of profibrotic growth factors or other local mediators, are two possible approaches (1, 84). Fibrosis 
may also be attenuated by interfering with the recruitment of immune cells into the renal interstitium 
(12). Several kidney cell types, such as tubular epithelia or endothelia, can be the focus of an indirect 
myofibroblast targeting strategy, and have been described in more detail in other recent reviews (99-101). 

Clinical trials
Numerous preclinical and clinical studies using systemic therapy have been successful in inhibiting 
myofibroblast accumulation and attenuating kidney fibrosis. An important component of these 
successful preclinical therapies has been the use of strategies to target the profibrotic TGF-β 
signalling pathway,4 including with the use of microRNA-29 (102). The pan-TGF-β antibody, 
fresolimumab, has been shown to be well tolerated in a phase I trial among patients with focal 
segmental glomerulosclerosis (103). The efficacy of this therapy was not studied, but a phase 
II trial is currently underway among patients with a steroid-resistant form of this condition (104).  
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Another approach for inhibiting myofibroblast accumulation and attenuating kidney fibrosis is 
by targeting connective tissue growth factor, a key mediator of profibrotic TGF-β activity, using a 
humanized monoclonal antibody. This human IgGκ antibody (known as FG-3,019) has been tested 
in a phase I clinical trial among patients with microalbuminuric diabetes, and administration of this 
antibody proved to be well tolerated and significantly decreased albuminuria (105). A trial using the 
drug nintedanib, a multikinase inhibitor that acts on PDGFR, VEGF receptor and fibroblast growth 
factor receptor (FGFR) tyrosine kinases, reduced disease progression among patients with idiopathic 
pulmonary fibrosis (106). Nintedanib was well tolerated and approved by the FDA for idiopathic 
pulmonary fibrosis in October 2014. Nintedanib may therefore be another potential therapy for kidney 
fibrosis. Gefitinib, an epidermal growth factor tyrosine kinase inhibitor, has shown promise in the 
treatment of experimental kidney disease (107). A number of trials assessing the safety and efficacy 
of gefitinib are currently underway, and if well tolerated, trials studying the therapeutic feasibility in 
kidney disease might be initiated. A clinical trial investigating the effects of the PDGFR tyrosine kinase 
inhibitor imatinib, has also shown promising results in patients with nephrogenic systemic fibrosis (108). 
	 Despite some promising data, considerations regarding the limitations of systemic antifibrotic 
therapy need to be taken into account. Sparse reports exist describing the reversal of renal fibrosis, but it 
is generally accepted that prevention of ECM deposition is more likely to result in successful treatment. 
As such, high doses of antifibrotic therapeutics administered during the onset and progression of disease 
might provide the best results in terms of morbidity and mortality. Indeed, with current therapeutic 
dosage, adverse events are seen with the majority of tyrosine kinase inhibitors (109, 110). A meta-analysis 
has shown that targeting VEGF receptors with tyrosine kinase inhibitors increases mortality (111). 
	 Long-term exposure to tolerated doses of biologic therapies might, alternatively, lead to drug 
resistance as seen during the treatment of oncological disease. Targeting VEGFR leads to a PDGFR/FGFR-
mediated escape (112). In addition, long-term exposure of carcinoma cell lines to TGFβR I and/or II inhibitors 
induces drug resistance associated with a more invasive phenotype (113). Whether long-term exposure 
to antifibrotic drugs, such as tyrosine kinase inhibitors and monoclonal antibodies, during fibrotic kidney 
disease is well tolerated and effective, remains to be investigated. Emerging data indicates that specific 
targeting of high-dose antifibrotic therapy to the kidney is preferable over long-term systemic treatment.
Anti-fibrotic small molecule drugs can be accumulated in kidney myofibroblasts or other kidney cell types 
by the above-discussed targeting strategies. To exemplify, the biologic agents galunisertib, indetanib, 
gefitinib, and imatinib have structural properties that render them good candidates for nanocarrier-based 
formulations, either using drug–carrier conjugates or by encapsulation in nanoparticles (114, 115). 
	 Furthermore, delivery of antisense or nucleic acid-based therapeutics might also benefit 
from nanocarrier-based delivery systems, as such hydrophilic agents typically cannot cross 
cellular or organelle membranes. For example, delivery of microRNA-29 into the kidney has 
been achieved by local transgene expression following ultrasound microbubble-mediated gene 
transfer (102). Finally, antibodies or recombinant proteins that target TGF-β family members or 
their receptors are directed to extracellular pharmacological targets; enhancing their accumulation 
in the kidney should avoid internalization of the therapeutic modality. By contrast, for small 
molecule inhibitors of TGF-β signaling, localized release within the kidney parenchyma seems 
most appropriate. Renal delivery of recombinant proteins has been investigated recently for 
the delivery of the antifibrotic protein BMP-7, by means of an injectable hydrogel depot (116).
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Conclusion

This Review summarizes the evidence for a diverse population of myofibroblast progenitors 
in kidney fibrosis. Data from various research groups have yielded differing results 

about the nature of the progenitor cells (Figure 4), leading to controversy in this field. 
	 Consequently, a clear understanding of the relative contribution of the different cellular sources 
to renal myofibroblasts has not yet been achieved. These discrepancies can be explained by several 
factors, including differences in injury models, the use of different Cre–lox recombination systems, 
the specificity of chosen promoters, and the lack of a specific myofibroblast cell marker. Targeting 
myofibroblasts is the cornerstone of rational antifibrotic therapy, in view of the pivotal role of this 
cell type in the production of profibrotic mediators and its role in the deposition of ECM components. 
Direct targeting strategies might include support of resident and circulating cells, to help them maintain 
or regain their original functional differentiation state and resist their transition to a myofibroblast 
phenotype. In addition, molecular medicine has yielded a wide range of targeted agents, such as kinase 
inhibitors and biologic therapies, which can be used in antifibrotic approaches. Although clinical 
trials in patients with kidney fibrosis are scarce, initial studies have shown the potential of antifibrotic 
therapeutics delivered to resident kidney cells to modulate profibrotic and antifibrotic mediators.

Figure 4: Potential origins of myofibroblast progenitors. A: Interstitial mesenchymal (fibroblast) cells are com-
monly regarded as the most profound contributor to the myofibroblast pool during disease. B: Epithelial cells were 
historically indicated as a potential source of myofibroblasts by EMT; however previous research has contradicted 
this evidence and epithelial progeny has become unlikely. C: Endothelial cells have been shown to contribute to 
some extent to myofibroblasts that contribute to fibrotic development by EndoMT. D: Bone marrow derived cells 
have been shown to incorporate and contribute to myofibroblast numbers. Abbreviations: EMT; epithelial-to-mes-
enchymal transition; EndoMT, endothelial-to-mesenchymal transition.
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Abstract

Kidney injury triggers fibrosis, the final common pathway of chronic kidney disease (CKD). The 
increase of CKD prevalence worldwide urgently calls for new therapies. Available systemic treatment 
such as rapamycin are associated with serious side effects. To study the potential of local antifibrotic 
therapy, we administered rapamycin-loaded microspheres under the kidney capsule of ureter-
obstructed rats and assessed the local antifibrotic effects and systemic side effects of rapamycin. After 
7 days, microsphere depots were easily identifiable under the kidney capsule. Both systemic and local 
rapamycin treatment reduced intrarenal mTOR activity, myofibroblast accumulation, expression of 
fibrotic genes, and T-lymphocyte infiltration. Upon local treatment, inhibition of mTOR activity and 
reduction of myofibroblast accumulation were limited to the immediate vicinity of the subcapsular 
pocket, while reduction of T-cell infiltration was widespread. In contrast to systemically administered 
rapamycin, local treatment did not induce off target effects such as weight loss. Thus subcapsular 
delivery of rapamycin-loaded microspheres successfully inhibited local fibrotic response in UUO with 
less systemic effects. Therapeutic effect of released rapamycin was most prominent in close vicinity 
to the implanted microspheres.
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Introduction

Kidney injury triggers inflammation, irrespective of insult type. The inflammatory response encompasses 
vascular activation (1), infiltration of inflammatory cells into the renal interstitium (2, 3) and production 

of pro-inflammatory cytokines (1, 4, 5). Inadequate resolution of acute renal inflammation and progression 
to chronic inflammation set the stage for the development of fibrosis, the final common pathway to chronic 
kidney disease (CKD). Worldwide rapid increase of CKD incidence urgently calls for new therapies. 
	 Evidence exists that the mTOR pathway plays an important role in the mechanisms underlying 
the progression of CKD. In all eukaryotic organisms mTOR is present and functions as an intracellular 
nutrient sensor that controls protein synthesis, cell growth and metabolism (6). There are two mTOR 
complexes (mTORC1 and mTORC2). The well-known mTOR inhibitor rapamycin inhibits interstitial 
inflammation, fibrosis, and loss of renal function associated with CKD in a wide variety of animal 
models (7-13).  Rapamycin exclusively inhibits mTORC1, but does not inhibit mTORC2 (14). mTORC1 
signalling is activated in myofibroblasts from fibrotic kidneys (15) and rapamycin can ameliorate kidney 
fibrosis by blocking the mTOR signalling in interstitial myofibroblasts, suggesting a possible role for 
mTORC1 activation in myofibroblasts in promoting kidney fibrosis (16). Within lymphocytes, where 
mTOR is involved in the second phase of T-cell activation, rapamycin blocks IL-2-driven T cell cycle 
progression whilst not influencing T cell survival (17, 18). When rapamycin binds intracellular to its target, 
the FKBP12 protein, the signal transduction pathway required for the progression of cytokine-stimulated 
T cells from the G1 into the S phase is inhibited, thus suppressing interleukin-driven T-cell proliferation.
	 Rapamycin has great therapeutic potential, but the use of rapamycin and other mTOR 
inhibitors is associated with many systemic effects. The systemic effects of rapamycin may account 
for the 20%-40% dropout rate in clinical phase III trials (18). In rats rapamycin induces decreased 
food intake and concomitant weight loss (19). Although some side effects of rapamycin are easily 
managed, there is an urgent need for renoprotective approaches that are better tolerated. Targeted 
treatment for the kidney focuses on nanomedicines and conjugates that accumulate in specific kidney 
cell types such as podocytes (20) and proximal tubular cells (21). Folate-conjugated rapamycin reduced 
the progression of polycystic kidney disease in the bpk-mutant mice which illustrates the feasibility 
of such a prodrug approach (22).  (23)We now aim to deliver rapamycin locally in the kidney by 
subcapsular injection of polymeric  microspheres. Rapamycin is a hydrophobic compound that can be 
formulated efficiently in polymeric devices, which has been investigated extensively for drug-eluting 
stents (24). Various other types of biodegradable implants have been loaded with rapamycin, such as 
poly(l-lactide-co-trimethylene carbonate) matrices (25), perivascular PLGA wraps  (26)and PLGA-
PEG based thermosensitive hydrogels (27). Subcapsular injection of a depot under the renal capsule 
has recently been investigated by Dankers et al who evaluated the biocompatibility of self-assembling 
hydrogels and the local release of bone-morphogenetic protein 7 (BMP7) in healthy rats (28-32) 
	 We developed rapamycin polymeric microspheres with a multiblock copolymer consisting of 
amorphous DL-lactide/polyethylenglycol (PEG)/DL-lactide blocks and crystalline L-lactide blocks. The 
amorphous PEG-containing blocks favour swelling and gradual erosion of this type of polymeric systems 
(33). For the present study we used a block copolymer with 20% w/w of the DL-lactide-PEG-DL-lactide 
block and 80% of the crystalline L-lactide block. We aimed at a  rapamycin loading content of  15% w/w 
which is much higher than previously reported rapamycin microparticles prepared by emulsification 
methods which typically contain less than 2% rapamycin (34-36), although a high rapamycin loading 
content was reported for spray-dried rapamycin-PLGA microparticles for pulmonary delivery (37). In 
order to  inflict only minimal damage during the injection under the renal capsule, we need to inject the 
microspheres via narrow needles. Since monodisperse microspheres have a much better syringibility at 
high concentration we processed the rapamycin polymeric microspheres by microsieving technology (38).
In the present study we explored the feasibility of subcapsular injected microspheres as a drug-eluting 
depot  in the unilateral ureter obstruction (UUO) model in rats. The UUO model is a well-established model 
for renal fibrosis, in which tubular dilation induces inflammatory and fibrotic cascades discussed above. 
Local treatment of renal fibrosis with such a depot has not been investigated before, and it is unknown 
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whether drug released from the depot is efficiently distributed throughout the kidney or only active in 
close proximity to the injection site. We have evaluated the antifibrotic effects of  rapamycin by qPCR 
and immunostaining of fibrosis and mTOR related markers, and have compared the local and systemic 
effects of subcapsular delivered rapamycin with daily i.p. injections of rapamycin. We hypothesise 
that local delivery of rapamycin leads to local therapeutic effects with little systemic consequences.
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Materials and Methods 

Formulation of rapamycin microspheres
Polymeric microspheres were prepared using a SynBiosys multiblock copolymer consisting of 20% w/w of 
poly(DL-lactide-PEG1000) with a molecular weight of 2000 g/mole and 80% w/w poly (L-lactide) with a 
molecular weight of 4000 g/mole (InnoCore Pharmaceuticals, The Netherlands) (Figure 1A). Microspheres 
were prepared by a single emulsion membrane emulsification technique using an Iris-20 microsieve 
membrane (Nanomi BV, The Netherlands), which is a microfabricated membrane with uniform pores. 
Placebo (drug-free) microspheres were prepared from a 20% w/v polymer solution in dichloromethane. 
	 Prior to emulsification, the SynBiosys solution was filtered through a 0.2 mm PTFE 
filter. The membrane-emulsified microparticles were collected into an aqueous solution containing 
4% polyvinylalcohol (PVA) as emulsifier. The collected dispersion of microparticles was left to 
stir at room temperature for at least 3 h to evaporate the solvent. The hardened microspheres were 
concentrated by filtration and washed repeatedly with ultrapure water containing 0.05% Tween20. 
For rapamycin-loaded SynBiosys microspheres, rapamycin was co-dissolved with the SynBiosys 
polymer to achieve a 20% w/w which was used to prepare microspheres as described above. 
Placebo microspheres and rapamycin-loaded microspheres were stored at -20°C until evaluation.

In vitro rapamycin release 
Release of rapamycine was studied in triplicate under sink conditions, using 10 mg of rapamycin-loaded 
microspheres. Samples were suspended in 2.0 ml PBS supplemented with 0.5% SDS and incubated at 
37°C under mild shaking using a shaking water bath. After 0, 1, 3 and 5 hours and 1, 2, 5, 8 and 12 days, 
samples were centrifuged for 1 min at 5000rpm. Subsequently, 1.8 ml of the supernatant was sampled 
and refreshed with 1.8 ml of fresh buffer. The amount of released rapamycin was determined by HPLC. 

Unilateral ureteral obstruction
All experiments were performed with the approval of the Experimental Animal Ethics Committee 
of the University of Utrecht. Female F344/DuCrl rats, weighing 169-196 grams, were anesthetized 
by inhalation of isoflurane (4% induction, 1.5-3% maintenance) and underwent unilateral 
ureteral obstruction (UUO) of the left kidney by permanent ligation of the ureter. Rats were given 
carprofen analgesia (0.05 mg/kg subcutaneously) during the first  24h after surgery with 12-
hour intervals. Rats were housed in standard cages in a room with constant temperature on a 12h 
light-dark cycle. Animals were fed standard animal chow ad libitum and had free access to water.

Rapamycin therapy
For the analysis of systemic rapamycin therapy, UUO rats were divided in two groups. The 
first group (n=6) was injected daily intraperitoneally with a vehicle solution (4.8% PEG400, 
4.8% TWEEN80, 4.0% ethanol), starting on the day of UUO induction. The second group 
(n=6) was injected daily intraperitoneally with 2 mg/kg rapamycin in vehicle solution. 
For subcapsular microsphere injection we created two triangular subcapsular pockets of 25µL on the ventral 
side on the left kidney with a 26G blunt Hamilton needle (Chrom8 International, the Netherlands), that was 
also used to inject either placebo microspheres (10mg/50µL; n=6 rats) or rapamycin-loaded microspheres 
(10 mg microspheres containing 2 mg rapamycin/50µL depot; n=9 rats). The microspheres were dissolved 
in a sterilized carrier solution consisting of 0.6% carboxymethylcellulose, 5% mannitol and 0.1% tween20. 
After subcapsular injection of the microspheres, the puncture holes in the renal capsule were sealed 
with fibrin glue (Tissucol©, Baxter, Utrecht, The Netherlands). Rats were sacrificed 7 days after UUO.
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Histology and immunohistochemistry (IHC)
Kidneys were formalin fixed, paraffin-embedded and cut into 3µm sections. Staining for α-SMA 
(Sigma, A2457) was performed to assess the accumulation of myofibroblasts. Staining for p-S6 
ribosomal protein (Cell Signalling Technology, #2211), a downstream target of mTOR, was 
used as readout for mTOR activity. Staining for CD3 positive T-Lymphocytes (Dako, A452) was 
performed to assess the infiltration of CD3 positive T-lymphocytes. Stained sections were scanned 
(Nikon, Aperio scanscope XT 120) and five 20x random sections per kidney were analysed. In the 
locally treated groups we scored ten random fields; five at the ventral side of the kidney near the 
microsphere depot and five at the dorsal side distant from the depot (Fig. 3A). Surface area of α-SMA 
positive cells and CD3 positive cells was determined using ImageJ (ImageJ, Rasband, National 
Institutes of Health, USA). p-S6 was scored blind on intensity of staining (arbitrary scale 0-4). 

Quantitative PCR
Total RNA was extracted with TRIzol (Life technologies, California, U.S.) from five frozen tissue 
sections of 20µm. Subcapsular depots were carefully removed to minimize for possible interference 
of the microspheres in the PCR reaction. After cDNA synthesis, expression of fibronectin and α-SMA 
was assessed by quantitative real time PCR using TaqMan Gene Expression Assays with pre-designed 
probes and primers (Applied Biosystems, Foster City, CA, USA). PCR was carried out in a LightCycler 
480II (Roche, Woerden, The Netherlands) with an initial step at 95°C followed by 40 cycles of 15 
seconds at 95°C and 1 minute at 60°C. GAPDH mRNA expression was used as an endogenous control.

Rapamycin measurement in plasma, liver and heart
The analysis of rapamycin was performed using a previously published method with a slight 
adaption with respect to the matrix: plasma, liver and heart instead of whole blood (39). Briefly, 
100mg of organ tissue was homogenized in 200µL PBS using a Precellys 24 tissue homogenizer. 
50µL Aliquots plasma or tissue homogenate were diluted with 200 µL 0.1 M zinc sulphate and 
500 µL internal standard solution (deuterated rapamycin-d3). The vials were vortexed for 1 min 
and centrifuged at 13000 rpm for 5 min. 25 µL was injected and analysed with LC-MS/MS using 
a Thermo Fisher Scientific (Waltham, MA) triple quadrupole Quantum Access LC–MS/MS system. 
Data acquisition and data processing were performed using Xcalibur software version 2.10 (39). 

Statistics
Data are represented as mean +/- SEM. Differences between groups were analysed by 
one-way ANOVA with Bonferroni correction for multiple comparisons. The statistical 
analysis was performed using GraphPad Prism 5 (GraphPad Software, San Diego, USA). 
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Results

Preparation and characterisation of rapamycin microspheres 
Rapamycin-loaded polymeric microspheres were prepared by membrane sieve-technology, yielding 
monodisperse microspheres with a smooth surface (Fig. 1B). Coulter counter analysis confirmed that 
rapamycin-loaded microspheres had a narrow size polydispersity (table 1). Rapamycin loading content 
as determined by UPLC after destruction of the microspheres in acetonitrile was 14% w/w, which 
corresponded to an encapsulation efficiency of 70%.  Additionally, microspheres were characterized 
for the absence of endotoxin and bacterial contamination, by Limulus amoebocyte lysate assay and by 
inoculation on blood agar plates respectively. In an in vitro release setup with 1% SDS to provide sink 
conditions for released rapamycin, we demonstrated that rapamycin was released in a diffusion-related 
manner, amounting to >80% cumulative release after 7 days (Fig. 1C). No burst release was observed 
during the first 5 hours. During the 12 days of incubation at 37°C of this experiment, the microspheres 
remained largely intact as is expected in view of the slow degradation kinetics of the used block copolymer. 

Figure 1: Preparation and characterisation 
of rapamycin microspheres A: structure of 
SynBiosys multiblock copolymer consisting 
of urethane linked amorphous blocks A 
(D/L-lactidePEG-D/L-lactide; 20%w/w) and 
crystalline blocks B (L-lactide; 80% w/w). B: 
This representative SEM image shows an equal 
spherical distribution of microspheres. The 
average size of the microspheres was 35 mm. 

Table 1: Rapamycin microsphere characteristics
Parameter Level Method
Rapamycin loading content 14% UPLC
Encapsulation efficiency 70% UPLC
Particle size distribution 35 ± 5 µm Coulter counter
Endotoxin <0.5 EU/g Limulus amoebocyte lysate assay
Bacterial contamination <100 CFU/g blood agar plate inoculation

C: Cumulative 
rapamycin release 
upon incubation 
in PBS at 37 C 
occurred in a 
diffusion-based 
sustained release 
manner.

Systemic treatment with rapamycin during 7 days of UUO
Rats injected with intraperitoneal rapamycin injections showed reduced mTOR activity compared to 
vehicle obstructed kidneys as illustrated by downstream p-S6 staining positivity (Fig. 2A). Furthermore 
there was a marked reduction in α-SMA area positivity (Fig. 2A). The number of CD3 positive cells was 
also decreased upon rapamycin administration (Fig. 2A). Upon quantification both p-S6, α-SMA and CD3 
showed significant area positivity reduction (Fig. 2B). Body weight of rapamycin treated UUO rats was 
significantly lower than of vehicle injected UUO rats, indicating that although protecting against obstructive 
nephropathy, systemic rapamycin treatment is associated with severe unwanted side effects (Fig. 2C).
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Subcapsular depot integrity after 7 days of UUO
Subcapsular depots of rapamycin microspheres were injected directly under the capsule of the 
ureter-ligated kidney at the moment of the UUO surgical procedure. 7 Days later, at the moment of  
ing the animals, we inspected the integrity of the subcapsular depots visually. Subcapsular depot 
integrity was furthermore confirmed in a study with near-infrared labelled microspheres in healthy 
rats (suppl. Fig 1; Kazazi et al., manuscript in preparation). In both studies, the depots   were still 
detectable under the renal capsule without spread of the microspheres outside of the pockets.

Inhibition of the mTOR pathway 
In rats treated with rapamycin microspheres, SynBiosys, mTOR activity was lower in the renal 
tissue near the subcapsular pocket compared to placebo microsphere treated rats (p<0.001) (Fig. 3). 
Placebo-loaded microspheres did not affect mTOR activity. At a larger distance from the subcapsular 
pockets, i.e. at the dorsal side of the kidney, mTOR pathway activity was still reduced although less 
pronounced (p<0.05 vs Veh IP). These results suggest a local effect of the inhibition of mTOR, as 
could also be observed when inspecting a complete transversal section of the kidney (suppl. Fig. 2). 

Antifibrotic and anti-inflammatory effects
In the entire kidney excluding the subcapsular pocket, mRNA expression of the fibrosis-associated 
extracellular matrix gene fibronectin was reduced by both subcapsular rapamycin micropsheres and 
systemic daily i.p. injections of rapamycin (Fig. 4). A trend of α-sma expression reduction was present 
in rats with systemic rapamycin treatment, but not in rats with local rapamycin treatment (Fig. 4). 
Staining of tissue sections for α-SMA revealed a reduction of myofibroblast accumulation of 
myofibroblasts accumulation near the subcapsular rapamycin microspheres depot (p<0.001), 
but not distant from the depot. Placebo microspheres did not reduce myofibroblast accumulation 
nearby or further away from the depot (Fig. 5). Local treatment with rapamycin microspheres 
reduced the infiltration of CD3 positive T-lymphocytes (p<0.05) compared placebo microspheres 
both near the rapamycin depot and at more distant parts of the kidney transection (Fig 6).

Systemic effects and distribution of rapamycin
To demonstrate that the action of the subcapsular rapamycin depot is restricted to the treated kidney, 
we also investigated possible systemic effects. First, we examined the activity of mTOR in the 
non-obstructed kidney, i.e. the control kidney, which had not received a subcapsular depot. While 
systemic rapamycin administration strongly inhibited mTOR activity in the non-obstructed kidney 
(p<0.001), there was only a slight reduction of mTOR activity in the rapamycin microspheres 
treated group compared to rats injected with vehicle microspheres (p<0.05) (Fig 7A and B). There 
was no difference between both vehicle treated groups. Additionally, when looking at levels of 
rapamycin, levels were at the lower limit of detection of 2 µg/L in the rapamycin microspheres group 
while systemically treated rats had still significantly higher plasma levels at 24h after the last dose 
as compared to the local treatment (Fig. 7C). Systemic tissue levels of rapamycin were analysed 
in heart and liver, which showed 5-fold lower levels and 1.5-fold lower levels for the rapamycin 
microspheres versus systemic treatment (suppl. Fig. 3A&B; liver, p<0.001; heart, p<0,005). 
	 To obtain further evidence to support the predominant local activity of subcapsular 
rapamycin microspheres, we demonstrated the absence of drug-related weight loss. All animals lost 
weight during the one-week interval after UUO, due to surgery and the induction of renal disease. 
Animals treated systemically with rapamycin, however, lost 6% more weight than animals in 
all the other groups, including the rapamycin microspheres group (p<0.001, Fig. 7D and Fig. 2C).
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Figure 2: Reduction of renal damage and fibrosis by rapamycin. A: Representative pictures of kidney sections 
stained for p-S6, a-SMA and CD3. B: Quantification of positively stained area of kidney sections. Bars represent 
SEM, *p < 0.001 vs Veh IP. C: Weight loss of rats, *p < 0.001 vs Veh IP. Abbrev.: ip = intraperitoneal.

Figure 3: mTOR activity in UUO kidneys. A: Schematic overview of kidney cross-section demonstrating location 
of near and distant in respect to the subcapsular pocket (circles represent microspheres, left-hand side of panel) B: 
Visual assessment of staining intensity (4 point scale). Bars demonstrate means and SEM, *p < 0.001 vs Veh IP, 
Veh caps (near) and Veh caps (distant), #p < 0.05 vs Veh IP and Rapa caps (near). C: Representative pictures of 
staining for phospho-S6 ribosomal protein (50x, magnified insert 200x). Arrowheads point towards depot. Abbrev.: 
caps = compound delivered subcapsular from MSP.

Figure 4: Gene 
expression determined 
by qPCR. Expression 
of fibrosis-associated 
extracellular matrix 
molecules was 
determined by qPCR. 
Bars show means 
and SEM. *p < 0.05 
compared to veh caps. 
Abbreviations: ip = 
compound administered 
by ip injection; caps = 
compound delivered 
subcapsular from MSP.
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C

Figure 5: Myofibroblast accumulation in UUO kidneys. A: Representative pictures of staining for aSMA (50x, magnified 
insert 200x). B: Surface area of positive cells as percentage of total surface area. Bars demonstrate means and SEM, #p < 
0.001 vs Veh IP, p < 0.05 vs Veh Caps (near), p < 0.001 vs Veh Caps (distant) and Rapa caps distant. Arrowheads point towards 
depot. Abbrev.: caps = compound delivered subcapsular from MSP.

Figure 6: T-lymphocyte infiltration in UUO kidneys. A: Representative pictures of staining for CD3 (50x, magnified insert 
200x). B: Surface area of positive cells as percentage of total surface area. Bars demonstrate means and SEM, #p < 0.05 vs 
Veh IP, p < 0.01 vs Veh Caps (near), Veh Caps (distant) and + p < 0.01 vs Veh caps (distant). Arrowheads point towards depot. 
Abbrev.: caps = compound delivered subcapsular from MSP
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Figure 7: Systemic side effects and distribution of rapamycin released from 
microspheres. A: Representative pictures of staining for Phospho-S6 ribosomal 
protein (50x, magnified insert 200x). B: Visual assessment of staining intensity 
(4 point scale). C: Plasma rapamycin concentrations (ug/L), *** indicate sign. 
compared to LLQ. Bars demonstrate SEM, *p < 0.001 vs all other groups, #p 
< 0.05 vs Veh caps (not in figure). D: Body weight of rats at the beginning 
of the experiment compared to weight of rats at the end of the experiment. 
Points show weight of individual rats. *p < 0.001 compared to all other groups. 
Abbrev.:LLQ; Lower Limit of Quantification, ip = compound administered by 
ip injection; caps = compound delivered subcapsular from MSP.
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Discussion

In the present study we evaluated the feasibility of injecting rapamycin-loaded microspheres 
under the renal  capsule and demonstrated that this polymeric depot is capable of reducing 

local mTOR activation in obstructed kidneys (Fig. 3). This was associated with  less pronounced 
myofibroblast accumulation and T cell recruitment (Fig. 4-6).  The effects of such a treatment were 
most prominent in close vicinity to the depot although some of the responses were also prominent 
more distant to the injection site. Moreover, systemic rapamycin levels were low and, as a 
consequence, no mTOR inhibition or systemic toxicity was observed. Reduction of mTOR-activity 
was also observed in non-obstructed (contralateral) kidneys from animals treated systemically 
with rapamycin, but not in animals treated with a subcapsular rapamycin depot. Furthermore, the 
observed systemic weight loss in the rapamycin i.p. treated group illustrates the severe side-effects 
of this type of drug. The absence ofsystemic rapamycin and associated toxicity is an important 
advantage of our new approach of local subcapsular implantation of rapamycin-loaded microspheres. 
	 Fibroblasts play an important role in maintaining homeostasis of interstitial matrix and 
adjacent tissues under physiologic conditions through matrix production, cytokine secretion, and 
direct contact with other cell types (15, 40). Upon activation by profibrotic factors, fibroblasts can 
be activated to differentiate towards a myofibroblast phenotype by expressing α-SMA and other 
markers. Myofibroblasts are commonly regarded as the main effector cell type during fibrosis 
excreting excessive amounts of ECM and pro fibrotic factors. Rapamycin inhibits kidney fibrosis 
by blocking mTOR signalling in interstitial myofibroblasts (16). We observed a reduction of 
myofibroblast accumulation in the entire UUO kidney in systemically treated animals and a more 
restricted reduction near the subcapsular pocket containing rapamycin-loaded microspheres. These 
findings match well with the pattern seen by staining for p-S6 as a marker of mTOR signalling activity. 
	 Although immunohistochemical staining is at best semi quantitative it is remarkable that 
the reduction of p-S6 staining extended over a greater distance from the subcapsular pocket than 
the reduction of α-SMA staining. Therefore, the extent of mTOR inhibition in areas more remote 
from the rapamycin-loaded microspheres in the current formulation appears not to be sufficient to 
completely inhibit myofibroblast accumulation. This spatially restricted efficacy was also reflected 
by the fact that, in whole kidney lysates, α-sma mRNA expression was not significantly reduced 
in locally treated rats. Additionally, heterogeneous α-SMA immunohistochemistry suggesting 
the local penetration of rapamycin might explain the heterogeneous gene expression profile 
of  α-sma (Fig. 4).  In contrast, fibronectin expression was reduced in whole kidney lysates of 
both locally and systemically treated rats. This suggests that although not sufficiently lowering 
myofibroblast numbers, local treatment is sufficient to reduce excessive fibronectin expression.
	 Inhibition of T-lymphocyte infiltration was evident throughout the kidney, including the 
area’s most remote from the pockets containing rapamycin-loaded microspheres. This suggests that a 
lower dose of rapamycin is enough to inhibit T-lymphocyte activation compared to the dose needed to 
inhibit the myofibroblast accumulation. 
Earlier experiments show that administering drugs in a depot under the renal capsule causes little 
damage to the renal tissue (28). This was confirmed in this study as the two injected depots did not 
further damage the obstructed kidney.  Biocompatibility of this type of polymeric microspheres is 
ideally tested in healthy rats, in which the observed inflammatory and fibrotic events can be scored 
in relation to the foreign body response to the biomaterial. As stents coated with SynBiosys polymers 
showed good biocompatibility (33) and PLGA microspheres prepared by microsieving also proved safe 
biomaterials(41), we expect no or only mild foreign body responses to the SynBiosys microspheres 
injected under the renal capsule. 
	 The observed localized activity of rapamycin near the depot can be considered both a 
drawback as well as an opportunity of such a localized therapeutic strategy. On one hand, this 
would require application of multiple depots especially in the much larger kidneys of human 
patients. Since little is known about fluid streams and about diffusion and conductive transport 
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of solutes in the kidney interstitium, it remains to be established how the observations made in 
this study with rapamycin-loaded microspheres in the high pressure ureteral obstruction model 
would compare to applications involving drugs with other physiochemical characteristics, as well 
as other models that might more genuinely represent human acute and chronic kidney diseases. 
Alternatively, the small area of effect as seen in this study might prove of interest in disease 
where a limited diffusion of therapeutics is warranted such as cancer or other localized disease.
 
Conclusion
By local  administration of rapamycin microspheres under the renal capsule we have obtained proof of 
principle that, in a model of CKD, subcapsular delivery of drug-loaded microspheres can successfully inhibit 
inflammatory and fibrotic responses with reduced systemic adverse effects. This novel delivery system 
offers important opportunities for future development of local drug therapy in kidney diseases and beyond.
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Supplementary material

Supplemental figure 1: Ex vivo Imaging of 
subcapsular depot in obstructed kidney at day 7 after 
UUO. IRdye800-labeled polymeric microspheres 
were injected under the renal capsule of UUO 
rats and excised 7 days after UUO. Localisation 
of microspheres was imaged using an Odyssey 
imager and is displayed in blue. Black line 
illustrates border of renal tissue and perirenal fat.

Supplemental figure 2: Representative picture of 
staining for phospho-S6 ribosomal protein (1x). 
Depot is located at left hand-side (ventral side in 
situ). This figure clearly demonstrates the local 
effect of mTOR activity inhibition near the depot. 
Arrows point at depot. Black ink line was added 
during sacrifice to mark ventral side of kidney.

Supplemental figure 3: Rapamycin distribution in 
liver and heart A: concentration of rapamycin (ng) 
per mg of liver. B: concentration of rapamycin (ng) 
per mg of heart. **p<0,005; ***p<0,001 vs RAPA IP, 
Abbrev. ip= compound administered by ip injection; 
caps= compound delivered subcapsular from MSP.
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Abstract
A variety of conditional knock-out mice relying on Tamoxifen-driven ERT2/Cre -mediated recombination 
are available and have been used to study involvement of specific genes in kidney disease. However, 
recent data suggest that Tamoxifen itself might attenuate fibrogenesis when administered during 
experimental models of kidney disease. It has remained unclear whether this still applies also if kidney 
damage is initiated after a wash-out period has been observed. Here we report that the commonly applied 
regimen of administration of 4 alternate day doses of 1mg Tamoxifen per mouse until 14 days prior to 
start of the actual experiment, in this case the induction of obstructive nephropathy by Unilateral Ureteral 
Obstruction (UUO), still attenuated fibrosis in female obstructed mouse kidneys, whereas this effect 
was not seen in male obstructed kidneys. Attenuation of fibrosis was accompanied by a reduction in 
nuclear ERα positivity despite absence of detectable levels of the active tamoxifen metabolite endoxifen 
throughout the UUO experiment. These results indicate that the Tamoxifen dosing regimen commonly 
applied in conditional gene targeting experiments might have prolonged confounding effects through 
attenuation of renal fibrogenesis independent of modulation of the expression of the targeted gene(s)
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Introduction
Tamoxifen is widely used for the induction of genomic recombination in mice (double-)transgenic for 
floxed genes and Tamoxifen specific estrogen receptors (ER) coupled to Cre-recombinase (Supplemental 
table 1) (1). Tamoxifen is both an antagonist and agonist of ER signaling, depending on tissue type. In 
kidneys of both female and male mice, ERα and β are readily detectable (2). The kidney is highly responsive 
to estrogen in an ERα dependent manner and as such, it is regarded as the most estrogen-sensitive non-
reproductive organ (3). Of note, treatment with relatively high doses (10mg/day) of Tamoxifen during 
experimental obstructive nephropathy, malignant hypertension, or diabetic nephropathy exerted an anti-
fibrotic effect (4-6), in association with ERα dependent modulation of TGFβ signaling (7). However, it 
is unclear whether also the common study designs involving pretreatment with much lower Tamoxifen 
doses for genomic recombination prior to the initiation of experimental kidney disease might have 
confounding protective effects. Therefore, we compared the development of fibrosis in obstructed kidneys 
of male and female mice undergoing unilateral ureteral obstruction (UUO) after a 14 day wash out period 
following the last of 4 alternate day injections with Tamoxifen (1mg/mouse) or vehicle-only (corn oil). 

Concise Methods
Animal experiments were performed with approval of animal ethics committee of the university of 
Utrecht. C57Bl6/J Mice were injected 4 times every other day with either 100ul corn oil vehicle solution 
or corn oil Tamoxifen solution [10mg/ml] (Sigma Aldrich), and 7 mice were injected per group. 14 days 
after the last injection, mice were subjected to Unilateral Ureter Obstruction (UUO) by permanent 
ligation of the left ureter under general isoflurane anesthesia. 14 days after UUO mice were killed and 
plasma was collected. For measurement of baseline endoxifen levels after two week washout period, 
an additional 4 mice were killed prior to UUO. The method of Endoxifen measurement, using HPLC in 
combination with Mass Spectrometry, is extensively described elsewhere (9). FFPE kidneys were cut 
into 3um sections, deparaffinized, rehydrated and stained with Sirius Red. The percentage of Sirius red 
positivity was determined by morphometric analysis of 10 kidney cortical fields at 200x magnification 
using ImageJ. For immunochemistry: antigen retrieval (αSMA/EDTA, ERα/Citrate) boiling followed 
by endogenous peroxidase block and primary antibody incubation (αSMA: 1:200; AbCam, ERα: 
1:250; Santa Cruz) was performed after which H-scores where determined (10, 11). ANOVA with 
Tukey correction for multiple testing was performed unless stated otherwise using GraphPad Prism. 
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Results
Mice were pre-treated with 4 doses of 1 mg Tamoxifen or corn oil only on alternate days until two 
weeks prior to unilateral ureter obstruction (UUO), and killed two weeks after UUO (Figure 1A). Group 
characteristics are shown in Table 2. First we analyzed Tamoxifen bioavailability by measuring Endoxifen 
(N-desmethyl-4-hydroxyTamoxifen) as a stable biologically active downstream metabolite more suitable 
for measurement (8, 9). In our experimental setup, endoxifen levels were undetectable in plasma and 
kidney lysate at both 14 days (start of UUO) and 28 days (sacrifice) post injection (LLOQ<0.1ng/ml). 
	 Analysis of Sirius red stained slides showed that collagen deposition was not reduced in obstructed 
kidneys (OBKs) of Tamoxifen pre-treated male mice (Figure 1B & 1D). In female mice however, pre-
treatment with Tamoxifen did result in reduced collagen deposition in OBKs  (Figure 1C & 1E). Similarly, 
also the staining area for α-Smooth Muscle Actin (αSMA; a myofibroblast marker) was the same in 
Tamoxifen and corn oil injected male mice, but reduced in Tamoxifen injected female mice (Figure 2A-D). 
	 To explore a possible role of differential ER expression underlying the gender-
associated difference, we analyzed nuclear estrogen receptor-α (ERα) expression by determining 
the H-index score, a commonly used weighted quantification method of nuclear ERα positivity 
(10, 11). In unobstructed kidneys (CLKs), Tamoxifen pre-treatment tended to lower nuclear 
ERα expression in both male and female mice but this difference was not significant (p=0.4 and 
p=0.3 resp., Figure 3B & 3D). However, nuclear ERα positivity was significantly increased in 
OBKs of Tamoxifen pre-treated male mice (Figure 3B), while in Tamoxifen pre-treated female 
mice the increase was not significant (Figure 3D). Nuclear ERα positivity in vehicle pre-treated 
OBK’s was similar in male and female mice (P=0.76; T-test). However, nuclear ERα positivity 
was significantly lower in female than in male Tamoxifen pre-treated OBKs (P=0.0068; T-test).

Figure 1: Tamoxifen 
pre-treatment reduces 
fibrotic development 
in female mice 
upon UUO. A: 
experimental setup; 
B: representative 
micrographs of Sirius 
Red staining in male 
CLKs and OBKs; C: 
fibrosis quantification 
in male mice; D: 
representative 
micrographs of Sirius 
Red staining in female 
CLKs and OBKs; E: 
fibrosis quantification 
in female mice. 200x 
magnification * 
p<0.05, ***p<0.005.
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Table 1: group characteristics
Male Female

Pre-treatment Corn oil Tamoxifen Corn oil Tamoxifen
Total Tam (mg) - 4 - 4
Conc. (mg/kgBW) - 135 (131.1-138.9) - 186.2 (180.8-191.6)
BW start (g) 28.0 (27.4-28.6) 29.6 (28.8-30.5) 21.9 (20.5-23.3) 21.5 (20.9-22.1)
BW end (g) 28.4 (27.5-29.4) 29.4 (29-29.8) 22.13 (20.9-23.4) 22.43 (21.4-23.5)
BW end/start (g/g) 1.02 (0.99-1.04) 0.99 (0.97-1.02) 1.01 (0.99-1.03) 1.04 (1.01-1.07)
BW end/start (%) 101.6 (99.1-104) 99.2 (96.5-102) 101.2 (99.0-103.4) 104.3 (101.2-107.4)
OBK/CLK (mg/mg) 0.57 (0.54-0.59) 0.55 (0.52-0.57) 0.67 (0.59-0.74) 0.63 (0.58-0.68)
OBK/BW (mg/g) 3.81 (3.5-4.12) 3.25 (3.04-3.45) 4.40 (4.0-4.79) 3.98 (3.42-4.55)
Abbreviations: Tam, Tamoxifen. BW, bodyweight. OBK, obstructed kidney. CLK, contralateral kidney.

Figure 2: Tamoxifen pre-treatment reduces myofibroblast accumulation in female mice upon UUO. A: 
representative micrographs of α Smooth Muscle Actin staining in male CLKs and OBKs; B: αSMA quantification 
in male mice; C: representative micrographs of αSMA staining in female CLKs and OBKs; D: αSMA 
quantification in female mice. 200x magnification * p<0.05, ***p<0.005.
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Figure 3: Tamoxifen pre-treatment associates with reduced nuclear Estrogen Receptor α 14 days post UUO in 
female mice. A: Representative micrograph of ERα staining in male CLKs and OBKs; B: weighted quantification 
of nuclear ERα positivity in male mice; C: Representative micrograph of ERα staining in female CLKs and OBKs; 
D: weighted quantification of nuclear ERα positivity in female mice. 200x magnification ***p<0.005

Figure 4: Schematic overview of estrogen/
Tamoxifen interaction in a fibrogenic 
context. 1. Direct nuclear translocation and 
binding of estrogen/ERα complex to the 
Estrogen Responsive Element (ERE). 2. 
Estrogen/ERα complex binding to the Renin 
Enhancer Hormone Response Element 
(REHRE). 3. Estrogen/ERα complex 
modulated SMAD2/3 and ERK1/2 binding 
to SMAD Binding Element (SBE). 4. ERα 
independent binding of estrogen to G-protein 
coupled receptor 30., 5. Estrogen/GPR30 or 
estrogen/ERα complex mediated modulation 
of Src/EGFR interaction leading to 
downstream alterations in Serum Response 
Element (SRE) binding to MAPK. 
* Complex binding with ERE, REHRE, SBE 
or SRE respectively leads to modulation 
of processes involved in fibrogenesis (e.g. 
proliferation, differentiation, transcription 
including ECM production or infiltration/
migration). Red lines indicate tamoxifen 
inhibition. Dashed red line indicates 
Tamoxifen mediated epigenetic alterations 
resulting in prolonged tamoxifen effects.
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Discussion

This study shows that in male mice, the fibrogenic response upon experimental renal injury is not 
affected by Tamoxifen pre-treatment with the dosing regimen commonly used for modulation 

of floxed gene expression. Female mice pre-treated with Tamoxifen, however, showed a hampered 
fibrogenesis, despite absence of detectable endoxifen in blood and tissue throughout the UUO experiment.  
This is in line with previous findings that kidneys of male mice are not influenced by ERα Knock Out 
(KO) (12),  and that the sensitivity of female mouse kidneys to acute Ischemia Reperfusion Injury was 
no longer reduced (compared to male kidneys) upon Tamoxifen administration or ovariectomy (13). 
Also, using a fixed dose of 4mg per mouse might have higher impact in the 38% lighter female mice 
(Table 1). However, since already prior to UUO both male and female mice had no detectable endoxifen 
anymore in the kidney or the blood, it seems unlikely that immediate and direct effects of residual 
Tamoxifen can fully explain the differential outcome, and that the possibility of sustained, possibly more 
indirect effects, should be taken into account. As such, the observed sustained reduction of nuclear ERα 
positivity only in female Tamoxifen treated mice might point to indirect mechanisms reducing ERα 
mediated fibrogenesis.  In line with a sustained effect, the recurrence rate of peritoneal sclerosis was 
lower after discontinuation of Tamoxifen treatment, as compared to corticosteroid treatment (14)	
 Deciphering the relative contribution of the various possible pathways is beyond the scope 
of this report, but a number of different mechanisms have been proposed by which Tamoxifen can 
have suppressive effects on ERα mediated fibrogenesis is worth mentioning here. These include 
modulation of TGFβ and EGF signaling (15-18) and direct induction Renin expression, a protein 
involved in renal fibrogenesis (19). Since Tamoxifen treatment leads to compensatory increase of 
endogenous estrogen production, another pathway of possible relevance is activation of G-protein 
coupled receptor (GPCR; GPR30) signaling upon direct binding of estrogen (20, 21). Figure 4 
summarizes a theoretical regulatory network of estrogen/ERα driven fibrogenesis along with 
tamoxifen/endoxifen intervention potentially explaining reduced fibrogenesis during 14 day UUO. 
	 Prolonged anti-fibrotic effects of Tamoxifen treatment might also relate to mechanisms 
by which cancer cells have been noted to modulate downstream ER complex signaling through 
epigenetic regulation in response to Tamoxifen treatment, but it remains unclear how far such 
mechanisms might be operational in the non-oncological setting of kidney fibrosis (22) (23). 
Finally, baseline ERα expression increases in female but decreases in male kidneys upon 
ageing, indicating that studies involving Tamoxifen treatment in older mice might be even more 
prone to gender-related confounding than observed in the present study in young mice (24). 

Conclusion
We have found that for Tamoxifen-induced manipulation of gene expression in studies addressing kidney 
fibrosis, the commonly applied protocol with a 14 day washout period between the final dose and start 
of the actual experiment appears to be appropriate for studies in male mice, but it does not sufficiently 
prevent confounding anti-fibrotic Tamoxifen effects in female mice. Since (also in female mice) the 
blood and tissue endoxifen levels had fallen below the detection threshold already before the start of the 
experiment, a protracted indirect (e.g. epigenetic) effect might be responsible, and it remains to be seen 
whether longer wash-out periods could suffice to eliminate residual “off target” Tamoxifen effects (also) 
in female mice. Until this has been resolved studies involving Tamoxifen pre-treatment should be limited 
to male mice, and existing data from such studies in female mice should be interpreted with great caution.
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Abstract
Treatment with rhBMP7 exerts profound protective effects in a wide variety of experimental models 
of renal disease. However, little is known about how these protective effects are mediated, and 
which cells in the kidney are targeted by exogenous rhBMP7 treatment. To identify and localize 
cells in the kidney that respond to exogenous rhBMP7 treatment, we performed Unilateral Ureteral 
Obstruction (UUO, a widely used obstructive nephropathy model) in mice reporting transcriptional 
activity downstream of canonical BMP signaling by the expression of GFP under the BMP Responsive 
Element of the Id1 promoter (BRE:gfp mice). We also analysed the impact of rhBMP7 treatment 
on severity of the UUO phenotype, on TGFβ signaling, and on expression of CCN2 (CTGF). 
Despite profound protective effects with respect to morphological damage, macrophage 
infiltration, and fibrosis, no significant difference in GFP-expression was observed upon rhBMP7 
administration. Also TGFβ signalling was similar in rhBMP7 and vehicle treated mice, but 
CCN2 expression in obstructed kidneys was significantly reduced by rhBMP7 treatment. Of 
note, in heterozygous CCN2 mice (CCN2+/-) treatment with rhBMP7 did not (further) reduce 
the severity of kidney damage in the UUO-model. These data suggest that protection against 
obstructive nephropathy by exogenous rhBMP7 treatment relies primarily on non-canonical 
BMP signaling, and may be mediated in large part by downregulation of CCN2 expression.

List of abbreviations
BMP7		  -		  Bone Morphogenetic Protein 7
CCN2		  -		  Cyr61-CTGF-Nov family protein 2
CTGF		  -		  Connective Tissue Growth Factor
CKD		  -		  Chronic Kidney Disease
UUO		  -		  Unilateral Ureteral Obstruction
BW		  -		  Body Weight
OBK		  -		  Obstructed Kidney
CLK		  -		  Contralateral Kidney
GFP		  -		  Green Fluorescent Protein
TGFβ		  -		  Transforming Growth Factor β
LTA		  -		  Lotus Tetragonolobus Agglutinin
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Introduction

Irrespective of underlying aetiology, chronic kidney disease (CKD) involves structural changes, and 
ultimately loss of function and fibrosis. Although, there is no effective treatment, several potential 

targets for intervention in CKD progression have been identified. Transforming Growth Factor beta 
(TGFβ) is generally regarded as the main culprit driving CKD progression (1). Numerous studies 
targeting TGFβ in various experimental diseases have yielded favourable results, but recent clinical 
trials have questioned efficacy of available interventions in human CKD (2, 3)(Clinicaltrial.gov 
numbers NCT00464321 and NCT01113801).
The administration of recombinant human BMP7 (rhBMP7; Bone Morphogenetic Protein 7) has 
been proposed as an attractive alternative intervention to stop progression of CKD. Several landmark 
papers have shown efficacy of BMP7 treatment in a wide range of experimental models of renal 
disease including diabetic nephropathy, obstructive uropathy, nephron loss and ischemic injury (4-10), 
and a BMP-mimetic (THR-185) is under study in a phase II clinical trial (Clinicaltrial.gov number 
NCT01830920). BMP7 treatment is considered to attenuate experimental CKD at least in part by 
antagonizing TGFβ (10, 11). BMP7 is required for kidney development and remains highly expressed 
during adult life (12). Although also several other BMPs are expressed in the kidney throughout 
development and adulthood, including BMP4 and BMP6, the potential therapeutic effects of BMP7 are 
considered most potent (10, 13). 
Despite all evidence supporting BMP7 efficacy in CKD, the identity and localization of cells responding 
to exogenous BMP7 treatment remain to be identified. Previous studies in BMP canonical signaling 
reporter mice (BRE:gfp mice) identified glomerular and collecting duct cells to have high endogenous 
BMP signalling activity (14). Signaling activity in the glomeruli and medulla dropped upon Unilateral 
Ureteral Obstruction (UUO), but it increased in the proximal tubular compartment. However, if and 
to what extent exogenous BMP7 therapeutic efficacy might involve restoration of canonical signaling 
activity in these particular cells or other nephron segments or cell types is still unclear.
CCN2, also known as Connective Tissue Growth Factor (CTGF) is yet another factor involved in CKD 
progression (15). CCN2 contributes to fibrosis by modulating signaling activity in BMP7, TGFβ, and 
other signaling pathways (16, 17).  CCN2 expression is increased in essentially all progressive kidney 
diseases, and CCN2 inhibition decreases loss of function and fibrosis (15, 18, 19). CCN2 can bind to 
BMP7 thereby inhibiting canonical SMAD1/5/8 signalling, and as such might also be an important 
determinant of the efficacy of BMP7 treatment (16). 
In this study, we set out to shed more light on the mode of action of exogenous BMP7 therapy by 
analysing distribution of transcriptional activity downstream of canonical BMP signaling, and the 
associated complex interplay between BMP7, TGFβ, and CCN2 in rhBMP7 treated BRE-GFP reporter 
mice subjected to UUO.
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Materials and Methods

Animals
Male BRE:gfp mice on a C57Bl6/J background were used for this study. Generation of these mice 
has been described extensively (20). Briefly, these mice express Green Fluorescent Protein (GFP) 
under control of the bone morphogenetic protein responsive element (BRE) in the Id1 gene promoter, 
thus reporting transcriptional activity downstream canonical BMP signaling. CCN2 hemizygous 
KO mice were used to estimate the relative contribution of CCN2 reduction to the therapeutic 
effect of exogenous BMP7. CCN2 (hemizygous) KO mice have been described previously (21). 
Mice were kept on a 12-hour light/day cycle with food and water ad libitum. All work was carried 
out with approval of the Experimental Animal Ethics Committee of the University of Utrecht. 

Unilateral Ureteral Obstruction/BMP7 administration
Mice were subjected to Unilateral Ureteral Obstruction under general isoflurane anaesthesia. 
The left flank was incised and the ureter was exposed and tied off using silk sutures. Directly 
after ligation, a depot of 300 μg/kg rhBMP7 (dissolved in PBS; kindly provided by Stryker, 
Kalamazoo, MI) per mouse was left intraperitoneally (i.p.). Mice received an additional 300 
μg/kg rhBMP7 i.p. on day 2, 4 and 6 (n=9). Vehicle (PBS) injected mice were used as control 
(n=6). 3 mice were used for CCN2 hemizygous groups. At day 7 mice were killed by ketamin, 
xylazine and atropine overdose. Kidney tissue was fixed in fresh 4% paraformaldehyde 
solution and embedded in paraffin, or snap frozen and stored at -80°C until further processing. 

(Immuno)histochemistry
Sections (3 μm) were cut from paraffin blocks, deparaffinised and rehydrated. For assessment 
of morphological changes, sections were stained with Periodic Acid Schiff using standard 
methods. 10 random cortical fields of PAS stained sections were scored on a five-point scale 
for tubular atrophy or dilatation (0=0-10%, 1=10-25%, 2=25-50%, 3=50-75%, 4=75-100%). 
For immunohistochemistry, slides were boiled in EDTA or citrate buffer for  antigen retrieval where 
appropriate, and incubated with the following antibodies: anti-GFP (Ab290, Citrate, 1:1000, Abcam, 
Cambridge, UK), HRP-linked LTA (Citrate, 1:32, Sigma-Aldrich, St. Louis, MO), anti-CCN2 
(L20, Citrate, 1:200, Santa-Cruz Biotechnology, Santa Cruz, CA), anti-F4/80 (Fresh Frozen tissue, 
1:3000, Serotec/Biorad antibodies, Oxford, UK) or anti-αSMA (Ab5694, EDTA, 1:200, Abcam).
The number of proximal tubule cross sections per cortical surface area was counted in 10 random fields per 
kidney (200x magnified). Percentage of positive cross sectional surface area for GFP, F4/80, and αSMA 
respectively, were determined by ImageJ analysis in 10 cortical fields photographed at 200x magnification. 

RT-qPCR
Full Kidney cortex mRNA was isolated using Trizol and 3000ng of mRNA was reversely transcribed 
into cDNA. RT-qPCR was performed on a LightCycler480 (Roche, Basel, Switzerland), using 
commercially available TaqMan primer assays (Thermo Fisher/Life technologies, Waltham, 
MA): (Yhwaz; Mm03950126_s1, Ctgf, Mm00515790_g1; Tgfβ1, Mm01178820_m1; Col1α2, 
Mm00483888_m1; Pai1, Mm00435860_m1).  Sybr green GFP primers and probe were designed 
with Primer Express (Applied Biosystems, Foster City, CA) and purchased from Eurogentec 
(Maastricht, The Netherlands) (primers) and Applied Biosystems (probe). Yhwaz expression was 
used as internal reference. Relative expression values were calculated using the ΔΔCT method.

Statistics
All statistical analyses were performed using Graphpad Prism (GraphPad, LaJolla, CA). ANOVA with 
Tukey post-hoc correction for multiple testing or Student T-test were used where appropriate. A p-value 
below 0.05 was considered statistically significant.  
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Results

Exogenous BMP7 does not increase BRE:gfp reporter signal for transcriptional activity downstream 
of canonical BMP7 signaling
BRE:gfp mice express GFP under a SMAD binding element in the Id1 promotor region and thereby 
report transcriptional activity downstream of canonical BMP signaling (20, 22). Body weight, kidneys 
weights and kidney weight/body weight ratios of rhBMP7 treated BRE:gfp mice were not significantly 
different from those in vehicle treated mice (See Table). Comparison between direct fluorescent and 

Figure 1: rhBMP7 treated BRE:Gfp OBKs do not show increased GFP or Id1 expression. A: Representative 
images of GFP immunohistochemistry in CLKs and OBKs 7 days after UUO of both vehicle and BMP7 groups 
(200x magnified). Panel on the far right shows CLK vehicle binary image illustrating what is regarded as total/
tubulointerstitial area percentage. The red dotted line is a representative depiction of total glomerular area 
measurement in glomerular GFP area positivity determination. B-D: Quantification of total area (B), tubules and 
interstitium (C) or percentage of the glomeruli (D) positive for GFP. E: Cortical Gfp mRNA expression. Error bars 
represent SEM.
GFP was detected by ImageJ (Supplemental figure 1B). Average total and TI GFP positive area tended 
to be lower in OBKs than in CLKs, but the observed difference was not significant (Figure 1B and 1C). 
Remarkably, also the apparently small increase of total cortical GFP positive area in rhBMP7 treated OBKs 
was not statistically significant (Figure 1B; p=0.06), and totally lost when tubules and glomeruli were 
analysed separately (Figure 1C and D). Analysis of cortical Gfp mRNA expression revealed a significant 
decrease upon ureteral obstruction, but also here no effect of BMP7 treatment was observed (Figure 1E).

BMP7 protects against kidney damage and reduces macrophage infiltration 7 days post-UUO.
The increase of tubular atrophy and dilatation in OBKs was attenuated in BMP7-treated mice 
(p<0.005; Figure 2A and 2B). Lotus Tetragonolobus Agglutinin (LTA) staining revealed that 
the number of LTA+ proximal tubules was decreased in OBKs compared to CLKs, but less so 
in BMP7 treated mice (Figure 2C and 2D; p<0.05). Macrophage infiltration in OBKs, as assessed 
by F4/80 IHC, was markedly reduced in the BMP7 treated group (p<0.005; Figure 2E and 2F).

immunohistochemical GFP 
signal detection revealed that 
IHC detection is more sensitive 
(Supplemental figure 1A). 
Using morphometric analysis, 
percentage positive area of total 
cortical sections, tubulointerstitial 
(TI) compartment and glomeruli 
was analysed in sections where 

Table 1: Weights Vehicle rhBMP7 p-value
BW start (g) 25.92 (+/-4.41) 25.88 (+/- 4.32) 0.99
BW end (g) 25.87 (+/- 3.82) 24.84 (+/- 3.52) 0.61
BW end/BW start 1 (+/- 0.05) 0.96 (+/-0.04) 0.15
CLK (mg) 211.6 (+/-48.2) 211 (+/- 47.69) 0.98
OBK (mg) 194.67 +/- 37.33) 199.88(+/- 25.98) 0.76
CLK (mg/g BWs) 8.12 (+/- 0.8) 8.1 (+/- 0.67) 0.96
OBK (mg/g BWs) 7.52 (+/- 0.9) 7.81 (+/-0.96) 0.58
OBK/CLK (mg/mg) 0.91 (+/- 0.08) 0.97 (+/- 0.14) 0.41

Abbreviations: BW, body weight. CLK, contralateral kidney. OBK, obstructed kidney.
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Figure 2: rhBMP7 treatment conserves renal morphology and limits macrophage accumulation 7 days after 
obstructive nephropathy. A: Representative images of PAS stained cortical sections in CLKs and OBKs 7 days after 
UUO of both vehicle and BMP7 treated groups (200x magnified). B: Composite of atrophy and dilatation score 
quantified on PAS stained slides C:  Representative images of LTA stained cortical sections in CLKs and OBKs 
of both vehicle and BMP7 treated groups (200x magnified). D: Quantification of the average number of LTA+ 
proximal tubules per HPF corrected for baseline number of proximal tubules per HPF in CLKs (OBK/CLK ratio). 
E: Representative images of F4/80 stained cortical sections in CLKs and OBKs of both vehicle and BMP7 treated 
groups (200x magnified). F: Positive area quantification of F4/80 positive macrophages in CLKs and OBKs of 
vehicle and rhBMP7 treated kidneys. *p<0.05, ***p<0.005. Error bar represents SEM. Vehicle n=6, rhBMP7 n=9.

Figure 3: rhBMP7 treatment reduces myofibroblast accumulation and 
associated de novo collagen production. A: Representative images of 
αSMA in CLKs and OBKs 7 days after UUO of both vehicle and BMP7 
treated groups (200x magnified). B: Positive area quantification of αSMA 
positive myofibroblasts in CLKs and OBKs of vehicle and rhBMP7. 
CandD. αSma mRNA C: and Col1α2 D: expression levels in kidney cortex 
of CLKs and OBKs 7 days after UUO of vehicle and rhBMP7 treated 
animals. *p<0.05, **p<0.01, ***p<0.005. Error bars represent SEM.

Figure 4: rhBMP7 treatment reduces CCN2 expression levels without 
altering canonical TGFβ signaling. A-C: Cortical mRNA expression levels of 
Tgfβ1 (A), Pai-1 (B) and CCN2 (C) in CLKs and OBKs 7 days after UUO 
of vehicle and rhBMP7 treated CCN2+/- mice. D: Representative images 
of CCN2 immunohistochemistry in CLKs and OBKs of both vehicle and 
rhBMP7 treated groups (200x magnified). *p<0.05, **p<0.01, ***p<0.005.
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Fibrogenesis is reduced in BMP7 treated OBKs. 
After 7 days of obstruction, the OBKs of vehicle treated mice showed only a little increase in fibrosis 
(Suppl. Fig. 2). Accumulation of myofibroblasts in OBKs, as assessed by αSMA positive surface area, 
was decreased by BMP7 treatment (p<0.005; Figure 3C and 3D). Furthermore, the increase of mRNA 
for αSma and Col1α2 was reduced by BMP7 treatment (p<0.01 and p<0.005 resp.; Figure 3E and 3F).

BMP7 treatment reduced CCN2 expression but not Tgfβ1expression and transcriptional activity 
Both Tgfβ1 and its canonical transcriptional target Pai-1/SerpinE1 were upregulated in OBKs 
(p<0.005 and p<0.01 resp.; Figure 3A and 3B), which was not affected by BMP7 treatment. 
However, BMP7 blocked the increase of CCN2 expression in OBKs (p<0.05; Figure 3C and 3D).

In CCN2 hemizygous KO mice, BMP7 treatment did not further reduce damage, macrophage 
infiltration, and fibrosis of obstructed kidneys
In good agreement with previous reports, we observed less severe kidney damage, macrophage 
infiltration, and fibrosis in 7 day OBKs of CCN2 hemizygous KO, than in those of wild type 
mice. (Supplemental Figure 2A-E). In order to investigate BMP7 induced reno-protection 
beyond CCN2 reduction, we also treated CCN2+/- UUO mice with rhBMP7. The approximately 
50% reduction of CCN2 expression in CTGF+/- mice was not further reduced by rhBMP7 
treatment (Figure 5A). In association with this finding, administration of BMP7 to CCN2 
hemizygous KO mice also failed to further attenuate renal damage, macrophage infiltration or 
myofibroblast accumulation (Figure 5B-D), which emphasizes the importance of CCN2 reduction 
in mediating the protective effect of BMP7 treatment in this model of obstructive nephropathy.

Figure 5: Treatment with rhBMP7 
offers no additional renoprotection 
in CCN2+/- heterozygous KO 
mice. A: Average cortical mRNA 
expression levels of CCN2 in 
CLKs and OBKs 7 days after 
UUO of vehicle and rhBMP7 
treated mice. B-E: Representative 
micrographs (200x magnified) and 
corresponding quantification of 
morphological composite damage 
score (B), LTA positive proximal 
tubules (C), F4/80 positive 
macrophages (D) and αSMA 
positive myofibroblasts (E), in 
OBKs 7 days after UUO of vehicle 
and rhBMP7 treated CCN2+/- mice. 
*p<0.05. Error bars represent SEM.

CTGF reduction mediates renoprotection of BMP7  Chapter 7

7



106

Discussion

The present study confirms that rhBMP7 treatment reduces the severity of kidney damage, 
macrophage infiltration, and myofibroblast accumulation in a mouse model of obstructive 

nephropathy (UUO). Remarkably, transcriptional activity downstream of canonical BMP signaling, 
and also TGFβ expression and transcriptional activity, appeared not to be altered by rhBMP7 treatment, 
while the expression of CCN2 was significantly reduced in the obstructed kidneys (OBK) of BMP7-
treated mice. 
In line with previous observations in the BRE-GFP reporter mouse also used here, the GFP signal 
was slightly reduced in distal tubuli of obstructed kidneys (Figure 1), but we detected no increase of 
GFP signal upon rhBMP7-treatment (23). This suggests that the beneficial effects of BMP7 treatment 
mainly involve non-canonical signaling, rather than transcriptional activity downstream of canonical 
BMP signaling. However, since no data are available on pharmacokinetics of i.p. injected rhBMP7, we 
cannot fully exclude that rapid elimination or degradation of de novo synthesized GFP protein within 
the 24 hour window between the last BMP7 dose and sacrifice might have “quenched” the reporter 
signal. 
The renoprotective effects of rhBMP7 were associated with approximately 50% reduction of CCN2 
expression, whereas expression of Tgfβ1 and its prototypic canonical transcriptional target Pai-1 
remained unaltered (Figure 4). Efficacy of BMP7 therapy without altering TGFβ signaling has been 
reported previously in a model of diabetic nephropathy (24). Of note, hemizygous CCN2 deletion 
(with 50% reduced CCN2 expression), appeared equally effective as rhBMP7 treatment, with similar 
reduction of morphological damage, macrophage infiltration, and collagen and α-SMA expression 
(Supplemental figure 2). This is consistent with previous observations that an approximately 50% 
reduction of CCN2 expression by genetic deletion or siRNA was sufficient to significantly attenuate 
models of diabetic nephropathy and obstructive nephropathy (16, 25, 26).  Interestingly, administration 
of rhBMP7 to heterozygous CCN2 mice tended to even further reduce CCN2 expression, but this 
was not associated with a further decrease in damage and fibrosis. It thus appears that the observed 
therapeutic effects might relate to a threshold effect of CCN2 reduction rather than on a continuous 
dose-response relation (Figure 5). 
In summary, in the mouse UUO model of obstructive nephropathy we observed efficacy of rhBMP 
therapy in the absence of clear evidence for modulation of transcriptional activity downstream of 
canonical BMP signaling. As a consequence, the BRE-GFP reporter mice failed to reveal the identity 
of specific phenotypes and localization of cells responding to exogenous BMP7 therapy. Furthermore, 
efficacy of BMP7 treatment appeared not to require reduction of TGFβ expression or transcriptional 
activity, but to be associated with a reduction of CCN2 expression, which by itself could replicate 
protective effects of rhBMP7 administration. Together, these data suggest that protection against 
obstructive nephropathy by exogenous BMP7 treatment relates primarily to non-canonical BMP 
signaling, and may be mediated in large part by downregulation of CCN2 expression.
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Supplementary material

Supplemental Figure 1: A: Comparison between direct GFP fluorescence and immunohistochemically 
detected GFP in BRE;gfp kidney cortex. Asterisk indicates the same glomerulus in consecutive 
tissue sections. 100x magnified. B: Example of GFP positive area selection with ImageJ.

A B

Supplemental Figure 2: Masson 
Trichrome (MTC) and Sirius Red 
(SR) histochemical detection of 
extracellular matrix deposition in 
CLKs and OBKs. Representative 
micrographs shown. Arrows 
indicate intracortical arteries 
with surrounding collagen 
deposition. 100x magnified.

Supplemental Figure 3: Comparison of  renal 
outcome between wild type and CTGF heterozygous 
KO (+/-) mice 7 days after UUO. Quantification of 
A: morphological damage, B: reduction in LTA positive 
proximal tubules, C: F4/80 positive macrophages 
D: αSMA positive myofibroblasts and E: Col1α2 mRNA 
expression. *p<0.05, **p<0.01, ***p<0.005. Error bar 
represents SEM.
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Abstract
Chronic kidney disease (CKD) is a major health and economic burden with a rising incidence. During 
progression of CKD, the sustained release of proinflammatory and profibrotic cytokines and growth 
factors leads to an excessive accumulation of extracellular matrix. Transforming growth factor β (TGF-β) 
and angiotensin II are considered to be the two main driving forces in fibrotic development. Blockade of 
the renin–angiotensin–aldosterone system has become the mainstay therapy for preservation of kidney 
function, but this treatment is not sufficient to prevent progression of fibrosis and CKD. Several factors 
that induce fibrosis have been identified, not only by TGF-β-dependent mechanisms, but also by TGF-
β-independent mechanisms. Among these factors are the (partially) TGF-β-independent profibrotic 
pathways involving connective tissue growth factor, epidermal growth factor and platelet-derived growth 
factor and their receptors. In this Review, we discuss the specific roles of these pathways, their interactions 
and preclinical evidence supporting their qualification as additional targets for novel antifibrotic therapies.

Chapter 8  CTGF, EGF and PDGF in renal disease

Review Criteria
We searched PubMed for original articles published between 1984 and 2014 that focused on one 
of the three growth factors (CTGF, EGF, PDGF). The search terms used were “CTGF/CCN2”, 
“EGF”, “PDGF” (either abbreviated or written in full) in combination with “renal fibrosis”, 
“kidney fibrosis”, “CKD”, “kidney disease” or “intervention”. All selected articles were English-
language, full text papers. We also searched reference lists of identified articles for further papers.
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Introduction

Chronic kidney disease (CKD) is a major health and economic burden with a rising incidence and 
prevalence (1, 2). Almost all variants of CKD are associated with progressive glomerulosclerosis, 

and tubulointerstitial and vascular fibrosis. Furthermore, acute kidney injury (AKI), if sustained, 
can also lead to fibrosis. During disease progression, growth factors with proinflammatory and 
profibrotic activity are released, leading to an excessive accumulation of extracellular matrix (ECM), 
in which collagen and fibronectin are the most notable components (3). The increase in ECM 
is driven by myofibroblasts positive for α-smooth muscle actin (4). Angiotensin II (Ang II) and 
transforming growth factor β (TGF-β) are considered to be the two main driving forces in fibrotic 
development as both factors can increase production of ECM as well as myofibroblast numbers (5, 6).
Blockade of the renin–angiotensin–aldosterone system has become the mainstay therapy for 
preservation of kidney function, but this approach is not sufficient to prevent progression of fibrosis 
and CKD. Much effort has also been put into determining the efficacy of TGF-β blockade during 
fibrotic disease. Despite the impressive results obtained in experimental kidney fibrosis, TGF-β 
inhibition has not yet translated into an effective and safe therapeutic strategy in humans. These 
failed attempts might relate to possible adverse effects of TGF-β inhibition, including autoimmunity, 
hyperinflammation and increased tumourigenesis (7). Considering the multifunctional biological 
activities of TGF-β, it is important to explore therapeutic strategies that target the downstream 
effectors of TGF-β or the signalling pathways that specifically mediate its fibrogenic action.
Several factors have been identified to induce fibrosis, not only by TGF-β-dependent mechanisms, 
but also by TGF-β-independent mechanisms. Among these factors are the (partially) TGF-β-
independent profibrotic pathways involving connective tissue growth factor (CTGF), epidermal 
growth factor (EGF) and platelet-derived growth factor (PDGF), and their receptors. Evidence 
from the past few years, mostly obtained in preclinical studies, has indicated important synergistic 
roles for these three growth factors in the development of kidney fibrosis (Figure 1). In this Review, 
we will discuss the specific roles of these pathways and their interactions, as well as preclinical 
evidence supporting their qualification as additional targets for novel antifibrotic therapies.

CTGF

CTGF functions in the kidney
CTGF (also known as Cyr61, CTGF, NOV family member 2 or CCN2) is the second of six members of 
the CCN family of matricellular proteins with partially overlapping and partially antagonistic functions 
(8). The CTGF molecule consists of four distinct, conserved domains that can interact with multiple 
different extracellular proteins, including growth factors, cell surface molecules such as integrins, and 
ECM proteins such as fibronectin and proteoglycans (9). Its promoter contains a TGF-β-responsive 
element as well as numerous other regulatory sequences, including a hypoxia-responsive element, and 
thus can be regarded as an early responder during the onset of fibrotic disease (10). In the healthy 
kidney, CTGF is expressed in glomerular epithelium, proximal tubules and interstitial fibroblasts 
(11). No consensus has been reached regarding its major modes of action. Most likely, CTGF acts 
predominantly by facilitating a fibrosis-oriented regenerative profile through modification of a 
multitude of signalling pathways. Importantly, CTGF also activates the proinflammatory nuclear factor 
κB (NF-κB) pathway in the renal interstitium and induces C-C motif chemokine 2 (12, 13). Thus, CTGF 
may induce inflammation early in the wound healing response, which if sustained, leads to fibrosis.
	 Despite failed efforts to identify a true CTGF receptor, many molecular targets have been 
identified through which CTGF might exert its effects. For instance, many of the functions of TGF-β seem 
to depend on the presence of CTGF both in vitro and in vivo (14, 15). Direct physical interaction between 
CTGF and TGF-β could increase TGF-β binding to TGF-β receptor type-2 (16). CTGF also enhances the 
TGF-β signalling pathway by binding and activating the high affinity nerve growth factor receptor (also 
known as neurotrophic tyrosine kinase receptor type 1 [NTRK1] or tyrosine receptor kinase A [TrkA]). 
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Binding of CTGF to this receptor induces KLF10 (also known as TIEG-1), which suppresses SMAD7, 
the major inhibitory Smad of the TGF-β signalling pathway (17). In addition, CTGF can directly bind 
LRP1 and the EGF receptor (EGFR), which leads to activation of profibrotic ERK signalling in the 
kidney (18-20). Moreover, binding of CTGF to LRP6 activates canonical Wnt signalling and interaction 
of CTGF with integrins, including α6β1 and αvβ3, is essential for its role in adherence and migration (21, 
22). Interestingly, CTGF inhibits the activity of the antifibrotic and proregenerative bone morphogenetic 
protein 7 (BMP7), which itself is regarded as a TGF-β antagonist (23, 24). Thus, therapeutic inhibition 
of CTGF could reduce TGF-β signalling and increase BMP7 signalling activity in kidney disease.

CTGF as a biomarker in kidney disease
CTGF is upregulated in the human kidney during a variety of kidney diseases, including 
diabetic nephropathy, chronic allograft nephropathy, hypertensive nephrosclerosis and crescentic 
glomerulonephritis (25-27). Upregulation of renal CTGF expression is associated with a rise in plasma 
CTGF levels, which is an independent predictor of end-stage renal disease and mortality in patients 
with type 1 diabetic nephropathy (28).
N-terminal CTGF, a proteolytic fragment of full-length CTGF, is freely filtered by the glomerulus, but 
almost completely resorbed by the proximal tubules in healthy kidneys. However, in the case of elevated 
plasma CTGF levels and/or renal tubular dysfunction, urine levels of N-terminal CTGF may increase 
(29, 30). Urinary CTGF level correlates with urinary albumin excretion and glomerular filtration rate, 
and is as strong a predictor for the progression of diabetic nephropathy as are haemoglobin A1c levels 
and high blood pressure (31-33). Furthermore, in a large prospective cohort, elevated urinary CTGF 
predicted tubulointerstitial fibrosis in the kidney allograft (34). Thus, both urine and plasma CTGF 
could be useful biomarkers of fibrogenesis in CKD (35). Beyond its potential as a biomarker, increased 
circulating CTGF in patients with CKD might act as a uraemic toxin contributing to cardiovascular 
risk (30). Increased urinary CTGF can reflect both tubular dysfunction and increased local production 
in the context of progressive kidney fibrosis, and might also be toxic to tubular epithelium (29).
	 Several genetic variants in the promoter region of CTGF have been described, including 
a −20C>G polymorphism, of which the GG allele with higher baseline transcriptional activity 
is associated with diabetic nephropathy (36). In addition, a −945G>C polymorphism was 
proposed to determine transcriptional activity downstream of TGF-β. Interestingly, increased 
frequency of this −945G allele was observed in patients with systemic sclerosis, and in these 
patients this allele was associated with the presence of fibrosing alveolitis (37). However, this 
particular polymorphism was not associated with susceptibility to diabetic nephropathy (38, 39).

Targeting CTGF in kidney disease
Constitutional deletion of CTGF causes skeletal deformities associated with pulmonary hypoplasia 
and vascular abnormalities leading to early postnatal death (40, 41). However, kidney development is 
not affected in CTGF-knockout mice (9).
A 50% reduction in CTGF expression by antisense oligonucleotides attenuated the progression of 
CKD and fibrosis after unilateral ureteral obstruction (UUO) in mice (42). Similarly, progression 
of renal allograft nephropathy in rats was hampered by CTGF reduction (43). In addition, specific 
downregulation of CTGF with oligonucleotides protected against kidney injury in models of both type 
1 and type 2 diabetes mellitus (44). In diabetic mice with genetic hemizygous CTGF deletion, a 50% 
reduction in CTGF expression was associated with less pronounced mesangial expansion and absence 
of glomerular basement membrane thickening. Interestingly, reduced CTGF expression in this study 
was associated with preservation of BMP7 signalling activity (23). By contrast, a 50% reduction in 
CTGF expression was not sufficient to attenuate kidney damage and fibrosis in more severe models of 
kidney dysfunction (45). Of note, in these models of severe and prolonged kidney injury, despite a 50% 
reduction in CTGF expression, levels of this growth factor remained well above baseline levels. Whether 
further reduction of CTGF to below baseline levels might be protective even in severe models of kidney 
disease remains to be established. Remarkably, further overexpression of CTGF did not worsen the 
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phenotype in a severe model of toxic nephropathy, whereas in a mild model of diabetic nephropathy, 
CTGF overexpression in podocytes aggravated structural and functional damage to the kidney (46, 47).
	 The fully humanized monoclonal antibody FG-3019, which targets CTGF, is currently in 
clinical trials for various conditions. In experimental models of fibrosis, FG-3019 reduced deposition 
of ECM (14). In a phase I clinical study in diabetic patients with microalbuminuria, FG-3019 proved 
not only to be safe, but also seemed to lower urinary albumin excretion (48). To date, no further clinical 
studies targeting CTGF in patients with renal disease have been published. Although a phase I clinical 
trial with FG-3019 in patients with focal segmental glomerulosclerosis and a phase II clinical trial with 
FG-3019 in patients with type 2 diabetes were terminated, clinical trials with FG-3019 are currently 
running in patients with idiopathic pulmonary fibrosis, liver fibrosis and pancreatic cancer.
	 With respect to other members of the CCN family, NOV (CCN3) has been reported to inhibit 
CTGF-mediated fibrosis by as yet unknown mechanisms, and should be explored in more detail (49). 
NOV might exert its antifibrotic effects by inhibition of PDGF expression, as has been shown in 
experimental mesangioproliferative nephritis (50).

Clinical perspective
In preclinical studies, anti-CTGF antibodies were effective in models of kidney injury as well as in 
other conditions, including pulmonary fibrosis, muscular dystrophy, pancreatic cancer and melanoma. 
Clinical trials of anti-CTGF antibodies in idiopathic pulmonary fibrosis and pancreatic cancer have 
been initiated (51-56).
In cardiovascular models, the role of CTGF is still highly controversial and the potential of anti-CTGF 
therapy has not been studied. Overexpression of CTGF has been implicated in the pathogenesis of myocardial 
hypertrophy and fibrosis (57, 58). On the other hand, transgenic overexpression of CTGF in cardiomyocytes 
was protective in models of left ventricular pressure overload and transient coronary occlusion, and high 
CTGF expression in carotid atherectomies seemed to be associated with a stable plaque phenotype (59-61).
	 Thus, CTGF seems to be an attractive target for antifibrotic therapy in kidney 
disease (Table 1), although special caution might be warranted when applying anti-CTGF 
therapy in patients with cardiovascular comorbidity. However, this concern might only be 
theoretical, as data from clinical trials have not indicated occurrence of such adverse effects.

Table 1: Kidney-specific interventions targeting CTGF
Intervention Setting Effects Ref.
Oligonucleotides 
(siRNA) 7-day UUO (mouse) Reduced interstitial fibrosis (42)

Type 1 and type 2 diabetes (mouse) Reduced mesangial expansion (44)Improved renal function
Chronic allograft nephropathy (rat) Reduction in nephropathy (43)

Transgenic 
(Hemizygous deletion) Mild type 1 diabetes (mouse)

Reduced mesangial expansion
Reduced GBM thickening
Reduced albuminuria

(23)

14-day UUO
severe type 1 diabetes
aristolochic-acid-induced nephropa-
thy (mouse)

No effect (45)

Antibody 
(FG-3019) 14-day UUO (mouse) Reduced fibrosis (14)

Diabetic patients with microalbumin-
uria (Phase I trial) Reduced albuminuria (48)

Abbreviations: CTGF, connective tissue growth factor. siRNA, small interfering RNA. UUO, unilateral 
ureteral obstruction. GBM, glomerular basement membrane.
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EGF and EGFR

EGFR signalling in the kidney
EGFR (also known as HER1 or erbB-1) is the first member of a family of four transmembrane 
tyrosine kinase receptors that also includes erbB-2 (proto-oncogene Neu or HER2), erbB-
3 (HER3) and erbB-4 (HER4) (62). Ligand binding causes these receptors to heterodimerize, 
leading to autophosphorylation and kinase activity responsible for the phosphorylation of 
downstream mediators. Depending on the ligand–receptor combination, different downstream 
signalling pathways can be activated (for example MAPK/ERK, PI3K/Akt and JAK/STAT) (63).
EGFR-knockout mice are not viable owing to disruption of epithelial development in multiple 
organs including the kidney (64-66). Interestingly, deletion of EGFR in proximal tubules delayed 
regeneration of tubular epithelium in mice subjected to renal ischaemia–reperfusion injury, 
whereas apoptosis was reduced by EGF administration in a model of short-term UUO (67, 68). 
These data indicate that EGFR activation is beneficial during the acute phase of kidney injury.
The most prominent ligands of EGFR are EGF, heparin-binding EGF-like growth factor (HB-EGF) 
and TGF-α. These factors are initially membrane bound and inactive, but are released upon proteolytic 
cleavage by members of the ADAM family of metalloproteinases (69). Increased expression of both 
HB-EGF and TGF-α is associated with renal pathophysiology (70, 71). Of note, Ang II, a central 
mediator of adaptive and maladaptive responses in the kidney, can proteolytically activate pro-TGF-α, 
and subsequently activate EGFR signalling. This process is called transactivation and is believed to 
be largely responsible for Ang II-induced fibrosis (72, 73). Whether direct inhibition of EGFR will 
prove to be more attractive than targeting its ligands or its transactivation remains to be established.

EGF and EGFR as biomarkers in kidney disease
EGFR and its upstream ligands maintain a normal epithelial lining under physiological conditions (74). 
Of the ligands, EGF is the most widely studied and has the highest affinity for EGFR. This receptor 
is expressed throughout the kidney epithelium and interstitium (75). During kidney disease, a shift in 
either ligand or receptor availability might occur. This shift can tilt the physiological balance and lead 
to kidney disease. The role of the EGF–EGFR signalling axis in kidney disease depends on a variety of 
factors such as aetiology and disease stage (acute versus chronic) (76).
	 Because EGF is partially excreted in the urine, it might prove valuable as a prognostic 
biomarker (77). Patients with AKI caused by an ischaemic insult show reduced levels of urinary EGF. 
Furthermore, slower recovery of AKI was associated with lower EGF detection in the urine (78). In 
patients with IgA nephropathy, both renal EGF expression and urinary EGF excretion were reduced at 
baseline and correlated inversely with disease progression (79, 80). Similarly, in patients with congenital 
ureteropelvic junction obstruction, urinary EGF levels were decreased (81). In children with chronic 
kidney failure, the level of urinary EGF correlated with kidney function. However, when corrected 
for creatinine clearance, EGF levels are still lower in patients with a reduced kidney function. This 
result indicates that local EGF production is inversely correlated with disease severity, and the level 
of urinary EGF is not only dependent on kidney function (82). However, the expression of EGFR and 
its downstream signalling is increased in various types of rapidly progressive glomerulonephritis and 
allograft nephropathy, and correspond to the extent of fibrosis (70, 83, 84). Increased EGFR signalling 
is also observed in rat models of type 1 diabetes, polycystic kidney disease and hypertension (85-89). 
This finding suggests that ligands other than EGF mediate EGFR activation during disease.
	 HB-EGF is the second member of the EGF family. Upregulation of HB-EGF in response 
to stress has been described both in vitro (in mesangial cells) and in vivo (in experimental 
glomerulonephritis), but data supporting these findings are limited (90, 91). The third member of the 
EGF family, TGF-α, determines genetic susceptibility to CKD in various strains of laboratory mice 
(71). Furthermore, TGF-α overexpression in rodents leads to polycystic kidney disease. However, 
TGF-α knockout did not reduce cyst formation in genetically susceptible mice (92). The phenomenon 
of ADAM17-mediated transactivation explains Ang II-induced activation of the EGFR (73). Upon Ang 
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II signalling, ADAM17 becomes active and digests pro-TGF-α into a bioactive form, thereby initiating 
EGFR signalling. In other models of organ fibrosis such as hyperoxia-induced pulmonary fibrosis, 
a strong correlation between TGF-α and severity of disease exists (93). Additionally, CTGF is also 
capable of mediating EGFR activation (20).

Targeting EGF/EGFR in experimental models
Comparing responses to kidney damage in six different inbred mouse strains identified EGFR 
signalling as the major determinant of CKD susceptibility. The FVB mouse strain showed highest 
TGF-α expression and EGFR activation, which corresponded to development of the most severe CKD 
(71). Importantly, kidney-specific overexpression of a dominant negative (nonsignalling) EGFR in 
mice did not lead to a phenotype under physiological conditions, whereas these mice were resistant 
to development of fibrosis in models of chronic kidney injury induced by ischaemia–reperfusion and 
renal ablation (72, 94). Silencing of EGFR expression specifically in proximal tubules impaired fibrotic 
development after Ang II-induced fibrosis (95).
Waved-2 (Wa-2) mice have a 90% EGFR signal reduction caused by a point mutation in EGFR that 
inhibits its tyrosine kinase activity (96). The Wa-2 mutation attenuated cyst formation and improved 
renal function in a genetic mouse model of polycystic kidney disease (97), and reduced ECM deposition 
and myofibroblast proliferation in the UUO model of obstructive nephropathy (98). Wa-2 mice also 
showed reduced ECM deposition and myofibroblast activation in a model of chronic renal ischaemia 
(99).
Erlotinib and gefitinib are EGFR tyrosine kinase inhibiting molecules (100). Other small molecule 
inhibitors of EGFR signalling include PKI 166, EKI-785, AG 1478 and the antibody cetuximab (101). 
Gefitinib successfully inhibited development of fibrosis in rodent models of hypertension and UUO 
(98, 102). In a rat model of diabetic nephropathy, EGFR inhibition with PKI 166 preserved podocyte 
numbers and reduced albuminuria (85). PKI 166 also protected against early renal morphological 
changes associated with the onset of diabetic nephropathy (103). Administration of erlotinib prevented 
the progression of rapidly progressive glomerulonephritis in antiglomerular basement membrane 
nephritis, and restored renal function and reduced sodium retention in nephrotoxic rats (70, 104). 
However, in the acute phase after ischaemia–reperfusion injury in mice, erlotinib prolonged the time 
needed for recovery, and gefitinib-mediated EGFR blockade resulted in delayed regeneration in a 
model of folic-acid-induced nephrotoxicity (67, 105). Regeneration was also impaired in Wa-2 mice in 
the acute phase after ischaemia, and recovery of renal f    unction in these mice was much slower than 
in wild-type mice after acute renal injury induced by mercury chloride (99, 106). These observations 
suggest that during the acute phase of kidney injury, EGFR activation is beneficial, whereas in chronic 
conditions it seems harmful by enhancing the fibrotic process.
Limiting EGFR activation by tyrosine kinase inhibition and via transgenic silencing led to comparable 
reductions of several fibrotic parameters in various animal models (Table 2). Inhibition of EGFR ligands 
was also renoprotective, as illustrated by knockdown of HB-EGF in both an ischaemic and a nephritic 
mouse model (70, 107). In addition, deletion of TGF-α in hypertensive mice resulted in reduced cell 
proliferation as well as less interstitial collagen accumulation compared with hypertensive wild-type 
mice, which is identical to the effects of EGFR deletion in proximal tubules (72). These data indicate 
that targeting the EGFR axis in kidney disease might be achieved on different levels, all leading to 
comparable results.

Clinical perspective
The value of EGFR inhibitors for the treatment of cancer has been clearly established in clinical trials. 
Although this is not yet the case for application of these drugs in non-neoplastic diseases, the validity of 
targeting the EGFR axis in antifibrotic therapy in progressive CKD is supported by preclinical studies 
showing that EGFR inhibition is beneficial during fibrogenic kidney disease, and by the observation that 
EGFR activation is involved in TGF-β-mediated development of fibrosis (95, 108). However, blockade 
of EGFR during AKI seems to hamper disease resolution and kidney regeneration, as exemplified by a 
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case report of a patient with lung cancer in whom gefitinib treatment was linked to reduced regeneration 
and turnover of kidney epithelium and to the development of interstitial fibrosis (109).
Targeting EGFR signalling can be achieved by small molecule or antibody-mediated ligand–
receptor interaction and downstream signalling thereof, or by prevention of homodimerization or 
heterodimerization of the receptor by a peptidomimetic (110). Resistance to small-molecule-mediated 
EGFR blocking therapy during neoplastic disease is a common phenomenon (111). This effect is caused 
at least in part by genetic adaptation of rapidly dividing tumour cells, and might constitute less of a 
problem for treatment of fibrotic kidney diseases than for treatment of cancer.

Table 2: Kidney-specific intervention targeting EGFR
Intervention Model Effects Ref(s).

Molecular inhibition    

PKI 166

Ischaemia–reperfusion (rat) Reduced macrophage accumulation 
Reduced α-SMA expression (107)

Diabetic nephropathy (rat) Attenuated glomerular hypertrophy (103)

Diabetic nephropathy (rat) Podocyte preservation, 
Reduced albuminuria (85)

Gefitinib

UUO (mouse) Reduced fibrosis 
Reduced α-SMA expression (98)

Folic acid (mouse) Inhibition of epithelial proliferation 
& differentiation (105)

Hypertension (rat) Reduced collagen I expression (102)

Erlotinib
Hypertension (mouse) Reduced interstitial fibrosis (95)
Anti-GBM nephritis (mouse) Reduced crescentic glomeruli (70)
Doxorubicin nephrotic syndrome (rat) Restoration of kidney function (104)

EKI-785 ARPKD (mouse) Reduced cystic lesions (169)

AG 1478 Hypertension (rat) Reduced glomerular sclerosis 
Reduced extracellular matrix deposition (86)

Anti-GBM nephritis (mouse) Reduced crescentic lesions 
Reduced albuminuria (70)

Transgenic    

Waved-2

Ischaemia–reperfusion (mouse) Reduced interstitial fibrosis (99)

UUO (mouse) Reduced α-SMA expression
Downregulation of profibrotic cytokines (98)

Folic acid (mouse) Inhibition of epithelial proliferation 
& differentiation (105)

Nephrotoxic HgCl2 injury (mouse) Delayed regeneration (106)
ARPKD (mouse) Reduced cystic lesions (97)

Dominant negative EGFR 
(proximal tubules)

Subtotal nephrectomy
ischaemia/reperfusion
Ang II injection (mouse)

Reduced tubular cell proliferation
Reduced mononuclear cell infiltration 
Reduced interstitial fibrosis

(72, 94)

TGF-α knockout Ang II injection (mouse)
Reduced glomerular sclerosis
Reduced interstitial fibrosis 
Reduced interstitial inflammation

(72)

Subtotal nephrectomy (mouse) Reduced interstitial fibrosis (71)

HB-EGF knockout
Ischaemia–reperfusion (mouse) Reduced macrophage accumulation (107)

Anti-GBM nephritis (mouse) Less kidney damage
Prevention of albuminuria (70)

EGFR knockout 
(proximal tubules)

Hypertension, diabetic nephropathy 
(mouse) Reduced interstitial fibrosis (95)

EGFR knockout 
(podocytes) Anti-GBM nephritis (mouse) Reduced albuminuria 

Reduced crescentic glomeruli (70)

Abbreviations: Ang II, angiotensin II; ARPKD, autosomal recessive polycystic kidney disease; EGFR, epidermal 
growth factor receptor; GBM, glomerular basement membrane; HB-EGF, heparin-binding epidermal growth factor-
like growth factor; SMA, smooth muscle actin; TGF, transforming growth factor; UUO, unilateral ureteral obstruction.



119CTGF, EGF and PDGF in renal disease  Chapter 8

PDGF and PDGFR

PDGF signalling in the kidney
PDGF was originally identified as a factor released from platelets that promoted the proliferation 
and recruitment of mesenchymal cells in the kidney, including fibroblasts, mesangial cells, pericytes 
and smooth muscle cells (112-115). Four different isoforms of PDGF exist, which can generate five 
different dimers, namely PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD and PDGF-AB. PDGF receptor 
(PDGFR) α and β chain dimerize as homodimers and heterodimers, constituting PDGFR-αα, PDGFR-
ββ and PDGFR-αβ. Both the PDGFR-α and PDGFR-β forms have been studied in experimental 
models of kidney disease, but a specific function for PDGFR-αβ has thus far not been identified.

In the kidney, all three PDGFRs are predominantly expressed on mesenchymal cells in glomeruli 
and the interstitium; PDGFR-α is widely expressed by renal interstitial cells and to some degree 
by mesangial cells, whereas PDGFR-β is expressed predominantly by mesangial cells, glomerular 
parietal, epithelial and interstitial cells (116, 117). As for PDGF ligands, the PDGF-A chain is normally 
expressed by mature podocytes and epithelial cells of the distal nephron, including collecting duct cells 
and urothelium (118), whereas low levels of PDGF-B may be present in mesangial cells (117). Both 
PDGF-A-deficient and PDGF-B-deficient mice die prenatally. Although PDGF-A-deficient mice do 
not show renal abnormalities, PDGF-B-deficient mice have severe defective glomerular development 
due to an absence of mesangial cells (119, 120). Consistently, as mesangial cells are considered to be 
pericytes of the glomerulus, PDGF-B mutant embryos develop fatal haemorrhages due to disturbed 
arterial pericyte recruitment (121).
The most likely role of PDGF signalling during fibrotic development is myofibroblast recruitment; 
aberrant PDGFR signalling induces pericyte–myofibroblast transition in vivo (122). Similar to EGFR, 
PDGFR signalling relies on tyrosine kinase activation (123). Proteolytic activation of PDGF-C and 
PDGF-D, which is required for receptor binding and activation, can be effectuated by tissue plasminogen 
activator, urokinase-type activator and plasmin (114, 124). Interestingly, levels of TGF-β and hepatocyte 
growth factor (HGF) are elevated in the tubular fluid of kidneys with glomerular proteinuria, and these 
growth factors could contribute to interstitial fibrosis by directly increasing PDGF-B expression in 
proximal tubular epithelial cells (125). This effect seems to be induced more often by TGF-β than by 
HGF, as HGF is commonly regarded as a renoprotective factor (126). Another explanation could be that 
the bioactive potential of PDGF-B outweighs that of HGF after HGF-mediated PDGF upregulation.

PDGF as a biomarker in kidney disease
In fibrotic kidney disease, PDGF-B, PDGF-C, PDGF-D, PDGFR-α and PDGFR-β are important 
components of the PDGFR system. PDGF-B/PDGF-D-mediated PDGFR-β signalling and PDGFR-β 
expression are increased in mesangioproliferative glomerulonephritis including IgA nephropathy (117, 
127-130). In crescentic glomerulonephritis and lupus nephritis, PDGF-B and PDGFR-β expression 
are increased in the kidney (131-133). PDGF-C is upregulated in podocytes and tubulointerstitial 
cells in kidneys from patients with membranous nephropathy and transplant glomerulopathy (134). 
Different isoforms of PDGF, in particular PDGF-D, and PDGFR are also increased in kidney diseases 
with tubulointerstitial involvement, such as chronic allograft nephropathy and chronic obstructive 
nephropathy (117, 135, 136).
Serum levels of PDGF-D are elevated in patients with IgA nephropathy. Interestingly, the increase in 
serum PDGF-D was not accompanied by higher intrarenal PDGF-D mRNA expression, suggesting an 
extrarenal source of elevated PDGF-D (137). In patients with uncomplicated type 1 diabetes, increased 
urinary excretion of PDGF-A and PDGF-AB/PDGF-B was associated with hyperfiltration (138).

Targeting PDGF/PDGFR in kidney disease
Both immunological blockade of PDGF-D and dominant negative PDGFR-β overexpression reduced 
mesangial proliferation in rodent models (127, 139, 140). Additionally, a reduction in PDGF-B or PDGF-D 

8



120 Chapter 8  CTGF, EGF and PDGF in renal disease

availability inhibited tubulointerstitial fibrotic development in models of chronic glomerulonephritis 
(141-143). In murine diabetic nephropathy, genetic reduction of PDGFR-β signalling improved 
glomerular and interstitial morphology (144). Moreover, by blocking PDGFR-β with the molecular 
compound AG 1295, interstitial fibrosis could be attenuated in rats after UUO (145). Remarkably, 
reducing PDGF-C expression in a model of mesangioproliferative glomerulonephritis failed to reduce 
proliferation of the mesangium (146), whereas anti-PDGF-C IgG effectively reduced kidney fibrosis 
in UUO, and PDGF-C-knockout mice were protected from UUO-induced kidney fibrosis (134, 147). 
Interestingly, PDGF-C deficiency or antagonism did not protect from liver fibrosis in a model of bile-
duct-ligation-induced liver fibrosis, probably because of increased PDGFR-β signalling (148).
	 The clinically available drug imatinib inhibits PDGFR tyrosine kinase activity and has been 
shown to successfully attenuate anti-glomerular basement membrane nephritis and tubulointerstitial 
fibrosis (149, 150). Similar results of glomerular protection and interstitial reduction of fibrosis were 
obtained in murine models of lupus nephritis, cryoglobulinaemia and diabetic nephropathy (151-
154). In two rat models of malignant hypertension, imatinib reduced renal damage without showing 
any effect on systemic blood pressure (155, 156), and in a model of chronic allograft nephropathy, 
imatinib reduced rejection-mediated interstitial changes to such an extent that the allografted kidneys 
appeared near normal (157). Imatinib also successfully inhibited myofibroblast recruitment and ECM 
deposition in models of ischaemia–reperfusion injury and UUO (123, 158). Interestingly, the latter 
study demonstrated that imatinib might exert its renoprotective effects via inhibition of tyrosine-protein 
kinase ABL1 (158).
A synthetic nonspecific PDGF blocking molecule, trapidil, was found to protect rats against gentamycin-
induced nephrotoxicity, anti-Thy1.1 glomerulonephritis and ischaemic injury (159-162). Paradoxically, 
however, in rabbits with nephrotoxic nephritis, trapidil treatment resulted in worse histological outcome 
compared with control animals (163). Also, during the recovery phase of an ischaemic insult, treatment 
with trapidil led to a decrease in renal function and an increase in mortality in rats (164). These data 
suggest that, like EGFR, the PDGF/PDGFR axis is involved in the proliferation and regeneration of 
tubular cells in the acute phase of kidney injury. Once again, however, it needs to be acknowledged that 
trapidil is not PDGFR specific and mechanisms unrelated to the PDGFR system might exist.

Clinical perspective
Despite the availability of PDGFR-specific and general tyrosine kinase inhibitors, no clinical trials are 
currently being performed to investigate the feasibility of anti-PDGF treatment in non-neoplastic kidney 
disease. However, results of preclinical studies, especially those investigating imatinib and trapidil, are 
promising and suggest that further exploration of targeting PDGFR signalling in CKD is worthwhile (Table 3). 
In order to explore this pathway in more detail, however, more specific PDGFR inhibitory agents are required.
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Table 3: Kidney-specific interventions targeting PDGF/PDGFR.
Intervention Model Effects Ref(s)
Molecular 
inhibition    

Imatinib

Chronic allograft nephropathy (rat) Reduced macrophage infiltration 
Reduced matrix formation (157)

Lupus nephritis (mouse) Decreased matrix formation
Delayed onset of proteinuria (154)

Type 1 diabetes (mouse)
Reduced albuminuria 
Reduced glomerulosclerosis
Reduced interstitial fibrosis

(154)

Anti-Thy1.1 nephritis (rat) Reduced mesangial cell proliferation (170)

UNX
chronic anti-Thy1.1 nephritis (rat)

Reduced accumulation of matrix proteins
Decreased blood pressure 
Decreased proteinuria

(171)

Trapidil

Anti-Thy1.1 nephritis (rat) Reduced mesangial proliferation (161, 162)

Nephrotoxic nephritis (rabbit) More severe clinical outcome 
Worse renal morphology (163)

Ischaemia–reperfusion (rat) Reduced interstitial fibrosis (159)

Ischaemia–reperfusion (rat) Increased mortality
Reduced kidney function (164)

Gentamycin nephropathy (rat) Improved renal function
Reduced proteinuria (160)

AG 1295 UUO (rat) Reduced macrophage accumulation (145)
Antibody    

PDGF-A/PDGF-B Anti-Thy1.1 nephritis (rat) Reduced mesangial proliferation 
Reduced matrix accumulation (172)

PDGFR-β Anti-Thy1.1 nephritis (rat) Reduced mesangial proliferation 
Reduced matrix accumulation (173)

PDGF-C UUO (mouse) Reduced interstitial fibrosis (147, 148)

CR002 (PDGF-D)

Anti-Thy1.1 nephritis (rat) Reduced glomerular cell proliferation 
Reduced infiltration (140)

UNX
acute anti-Thy1.1 nephritis (rat) Reduced interstitial fibrosis (143)

UNX
chronic anti-Thy1.1 nephritis (rat)

Reduced proteinuria
Lower expression of collagens (141)

PDGFR-α and 
PDGFR-β

Ischaemia–reperfusion
UUO (mouse)

Reduced collagen expression 
Reduced myofibroblast proliferation (122)

Oligonucleotide    

Aptamer to PDGF-B
Acute anti-Thy 1.1 nephritis (rat) Reduced mesangial cell proliferation

Reduced matrix accumulation (174)

Chronic anti-Thy 1.1 nephritis (rat)
Reduced proteinuria
Reduced glomerulosclerosis 
Reduced interstitial fibrosis

(142)

PDGF-A Spontaneous hypertension (rat) Reduced glomerular damage (175)
Gene transfer    
Dominant negative 
PDGFR-β Anti-Thy1.1 nephritis (rat) Reduced mesangial cell proliferation 

Reduced matrix formation (139)

Transgenic    
PDGF-C knockout UUO (mouse) Reduced interstitial fibrosis (147, 148)
Abbreviations: PDGF, platelet-derived growth factor; PDGFR, PDGF receptor; UNX, unilateral nephrectomy; 
UUO, unilateral ureteral obstruction.
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Conclusions

Although TGF-β is generally considered to be the driving force behind fibrotic processes, alternative 
factors such as CTGF, PDGFR and EGFR signalling pathways have been identified as feasible 

targets for treatment of CKD and kidney fibrosis. Interaction between these pathways (Figure 
1) is exemplified by observations that induction of CTGF expression by TGF-β is partially EGFR 

dependent,95, 108 and that Ang II-mediated 
EGFR transactivation in renal epithelial cells is 
associated with concomitant TGF-β activation 
(165). Furthermore, CTGF is upregulated by, 
and is itself a ligand for, EGFR activation, which 
might constitute a positive feedback loop (20, 
166). In addition, TGF-β requires both PDGFR 
and EGFR for its profibrotic activity and dual 
blockade of PDGF and EGFR pathways with 
imatinib plus lapatinib prevented fibrosis to 
a greater extent than either drug alone (167).
Numerous studies have demonstrated the 
successful application of direct or indirect 
blockade of the CTGF, PDGFR and EGFR 
signalling pathways to prevent experimental 

Table 4: Blockade of CTGF, EGF or PDGF pathways—adverse effects and hypothetical threats.
Target Adverse effects reported in clinical 

trials
Hypothetical threats based on 

preclinical observations
Ref(s).

CTGF
Fatigue, headache, dizziness, flushing, 

anaemia, anxiety, hyperglycaemia, 
hypoglycaemia

Myocardial dysfunction, unstable 
atherosclerotic plaque, increased 

skin fragility
(48, 61, 176, 177)

EGF/EGFR
Interstitial lung disease, 

cardiomyopathy, skin disorder, nausea, 
diarrhoea, vomiting, anorexia

Decreased regeneration from acute 
kidney injury (109, 178)

PDGF/PDGFR

TKI

Thyroid dysfunction, cardiac failure, 
coronary artery disease, skin disorders, 

hypertension, thrombocytopenia
Decreased regeneration from acute 

kidney injury (164, 179-181)

Abbreviations: CTGF, connective tissue growth factor; EGF, epidermal growth factor; EGFR, EGF receptor; 
PDGF, platelet-derived growth factor; PDGFR, PDGF receptor. TKI, Tyrosine Kinase Inhibitor

Figure 1: Interactions between CTGF, EGF, PDGF and the pro-
fibrotic TGF-β pathway. TGF-β is generally considered to be 
the driving force behind fibrotic processes in the kidney; how-
ever, CTGF, PDGFR and EGFR signalling pathways have also 
been identified as feasible targets for the treatment of chronic 
kidney disease and kidney fibrosis. Interaction between these 
pathways is exemplified by observations that TGF-β requires 
CTGF, PDGFR and EGFR for its profibrotic activity. In addi-
tion, CTGF is upregulated by EGFR activation and is itself a 
ligand for EGFR activation, which might constitute a positive 
feedback loop. Possible clinical interventions for targeting these 
pathways are shown in grey boxes. Abbreviations: Ang II, angio-
tensin II; CTGF, connective tissue growth factor; ECM, extracel-
lular matrix; EGF, epidermal growth factor; EGFR, EGF recep-
tor; HB-EGF, heparin-binding EGF-like growth factor; PDGF, 
platelet-derived growth factor; PDGFR, PDGF receptor; TGF, 
transforming growth factor.

kidney fibrosis, but none of these treatment 
strategies has yet been translated into the 
clinic. One reason for these failed attempts 
could be the toxic effects of these drugs 
in patients, for example, occurrence of 
adverse effects that have been reported in 
phase I clinical trials or potential threats 
based on preclinical observations (Table 4).
In conclusion, CTGF, PDGFR and 
EGFR all seem to constitute valid 
alternative targets to TGF-β, especially 
if concerns regarding the risks 
associated with blocking the beneficial 

anti-inflammatory and tumour-suppressive actions of TGF-β prevent clinical implementation of 
TGF-β inhibitors (168). On the basis of current literature, it is difficult to prioritize between these 
alternative targets. However, considering their substantial interaction, it seems that targeting 
multiple growth factors might represent the best strategy for treatment of kidney fibrosis.

Chapter 8  CTGF, EGF and PDGF in renal disease
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Abstract

Background: Connective Tissue Growth Factor (CTGF/CCN2) is an important mediator of 
kidney fibrosis. Previous observations indicated that attenuation of CTGF expression sufficed 
to alleviate early kidney damage. However, little is known about the role of CTGF in fibrosis 
of severely damaged and more chronically injured kidneys. Therefore, we examined the effects 
of CTGF haploinsufficiency on the progression of renal scarring in long-term STZ-induced 
diabetic nephropathy, in a more advanced stage of obstructive nephropathy following unilateral 
ureteric obstruction (UUO), and in severe aristolochic acid (AA)-induced tubulotoxic nephritis.
Methods: Wild-type (WT, CTGF+/+) and hemizygous CTGF+/− C57Bl/6 mice were studied. In the 
diabetes experiment, streptozotocin-injected and control mice were followed for 6 months, with regular 
blood pressure, glycaemia and albuminuria recordings. In the UUO experiment, the left ureter was 
obstructed for 14 days with the contralateral kidney serving as control. For the AA experiment, mice 
were followed for 25 days after 5 intraperitoneal injections with AA and compared to control mice 
injected with buffer alone. Organs were harvested for histology, mRNA and protein measurements. 
Collagen content was determined by HPLC and expressed as hydroxyproline/proline ratio.
Results: CTGF expression was significantly increased in the damaged as compared to control 
kidneys. In all three models, CTGF levels in the damaged kidneys of CTGF+/− mice averaged 
about 50% of those in damaged WT kidneys. After 6 months of diabetes, albuminuria was 
increased 2.5-fold in WT mice, compared to 1.5-fold in CTGF+/− mice, mesangial matrix was 
expanded 5-fold in WT and 4.4-fold in CTGF+/− mice and the glomerular basement membrane 
was thickened 1.3-fold in WT and 1.5-fold in CTGF+/−mice (all differences between WT and 
CTGF+/− mice are NS). Tubular damage and interstitial fibrosis scores were also not different 
between Wt and CTGF+/− mice in the diabetes (1.8 vs. 1.7), UUO (2.8 vs. 2.6), and AA (1.4 vs. 
1.2) models, as was the case for macrophage influx and collagen content in these three models.
Conclusion: Unlike in mild and relatively early STZ-induced diabetic nephropathy, scarring 
of severely and chronically damaged kidneys is not attenuated by a 50% reduction of CTGF 
to (near) normal levels. This suggests that CTGF is either redundant in severe and chronic 
kidney disease, or that it is a limiting factor only at subnormal concentrations requiring further 
reduction by available or emerging therapies to prevent fibrosis of the severely injured kidney.

Key points

•	 Loss of one CTGF allele reduces CTGF level by 50% in healthy and diseased mice. 
•	 50% reduction of CTGF does not reduce fibrosis in 3 models of severe renal injury. 
•	 CTGF appears not to be limiting at 50% reduced levels in severe kidney disease. 
•	 A 50% reduction of CTGF attenuates mild, but not severe models of kidney injury.
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Introduction

Over the recent years, Connective Tissue Growth Factor, recently renamed Cyr61/CTGF/Nov 
family protein number 2 (CTGF/CCN2) (1), has emerged as a critical profibrotic factor in the 

pathogenesis of various diseases such as cardiomyopathy, fibrotic skin disorders, systemic sclerosis, 
biliary atresia, liver fibrosis, sarcoidosis and idiopathic pulmonary fibrosis (for an extensive review see 
(2). CTGF is upregulated by various stimuli including TGF-β1 and influences downstream Smad, PKC, 
Akt/ERK and other signaling pathways (3-6).
Although CTGF is also expressed in podocytes, parietal epithelial cells and occasional interstitial 
fibroblasts in the healthy kidney, its expression is greatly increased in renal diseases, including diabetic 
nephropathy (7, 8). Studying (semi-)quantitative aspects of the contribution of CTGF increase to renal 
fibrosis is particularly relevant also with respect to possible future application of anti-CTGF therapies, 
including inhibitory oligonucleotides and a recently developed monoclonal human anti-CTGF antibody 
(FG-3019) that proved to be safe and effective in the treatment of microalbuminuric renal disease of 
patients with diabetes (9).
Previously, we demonstrated the beneficial effects of genetic CTGF lowering by 50% in a 16-week 
STZ model of diabetic nephropathy (10). In that study, early and mild diabetes-induced albuminuria, 
glomerular basement membrane thickening, and mesangial matrix increase were all attenuated 
in CTGF+/− mice expressing approximately 50% of CTGF levels as compared to wild-type mice. 
However, this particular model lacked interstitial fibrosis, which in human patients is known to 
correlate better with progressive renal function decline than glomerular parameters (11-13). Beneficial 
effects of reduced CTGF expression on renal damage have also been reported when using antisense 
oligonucleotides to neutralize or inhibit CTGF expression in models of diabetes and unilateral ureter 
obstruction (UUO). However, also in those studies, only relatively mild and early changes were 
addressed, lacking tubulointerstitial fibrosis in the diabetes model and evaluating obstructed kidneys 
“already” at day 7 post UUO (14, 15). 
We hypothesized that phenotypes of WT and CTGF+/− mice might diverge more profoundly with 
increased severity and duration of kidney injury. To investigate this hypothesis, we chose three essentially 
unrelated models. We applied a long-term (26-week) STZ-induced model of type 1 diabetes to study 
a more advanced stage of STZ-induced diabetic nephropathy, including presence of tubulointerstitial 
fibrosis, which is one of the key criteria for the ‘ideal’ diabetic mouse model that the Animal Models 
of Diabetic Complications Consortium (AMDCC) recently proposed (16, 17). A 14-day UUO model 
was used representing a later stage of interstitial fibrosis and tubular atrophy (18), and in a 25-day AA 
nephropathy model we studied the sequelae of severe acute toxic tubular damage (19, 20).

9
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Materials and methods

Animal experiments
Generation of CTGF heterozygous knockout mice has been described elsewhere (21). 
CTGF+/− mice, in which exon 1 of one CTGF allele has been replaced by a neomycin resistance 
gene, were crossed back on a C57BL/6 background (Harlan, Horst, The Netherlands). 
Mice of the 8th generation or later were used for the present study, and compared with WT 
littermates. Genotyping was performed on 100 ng DNA isolated from earmarks following a 
standard procedure using the following primers: 5′-TGT GTA GGACTTCATTCAGTTCT3-′, 
5′-GTCTGTGATCGCAGCTCACTC-3′ and 5′-ATGGCCGCTTTTCTGGATTC-3′, resulting in 
a 400 bp product for the wild-type, and a 560 bp product for the CTGF-neomycin construct. All 
mice were housed in a temperature- and humidity-controlled room with a 12-hour light/dark cycle.

Diabetes was induced in CTGF+/− mice (n = 22) and wild-type mice (n = 28) by a single intraperitoneal 
injection of 200 mg/kg streptozotocin (STZ), concentration 30 mg/ml, dissolved in 100 mM sodium 
citrate buffer, pH 4.5) (Sigma-Aldrich, St. Louis, MO, USA). Control animals were injected with buffer 
alone (CTGF+/− n = 17, wild-type n = 17). Hyperglycemia was determined 3 days after injection by 
measurement of blood glucose levels (Medisense Precision Xtra; Abbott, Bedford, IN). Non-responders 
were injected with a second dose of STZ. Animals were kept on standard laboratory chow with daily 
addition of mash food. Slow release insulin pellets (Linshin, Scarborough, Canada) were implanted 
to stabilize the condition of the STZ-induced diabetic animals 5 days after STZ injection. Mice were 
monitored daily for weight loss and clinical condition. Blood was withdrawn by cheek punction for glucose 
measurement at 1, 3, and 6 months, and on indication whenever there was significant weight loss (> 1 g). 
Blood glucose levels of more than 25 mmol/l warranted reimplantation of a slow release insulin pellet. 
Mice typically needed a new insulin pellet after 4–6 weeks of diabetes. Blood pressure was determined by 
the non-invasive tail cuff method using pulse detection with photoelectric sensors (IITC Life Sciences, 
Woodlands Hills, USA). Mice were killed 26 weeks after induction of diabetes by KXA injection. HbA1C 
was measured on the automated HA8140 HPLC analyzers (Menarini Diagnostics, Florence, Italy).
	 For the UUO experiment, male CTGF+/− (n = 7) and WT mice (n = 7) were anaesthetized by 
inhalation of isoflurane/oxygen. Under aseptic conditions, a small incision was made in the flank, the 
left ureter was permanently ligated at two points, and the wound was stitched. Mice were killed 14 days 
after surgery by KXA injection. Contralateral non-obstructed kidneys were used as internal control.
	 For the AA experiment, male CTGF+/− mice (n = 6) and WT mice (n = 6) were injected 
intraperitoneally with aristolochic acid I sodium salt (5 mg/kg body weight dissolved in distilled water)
(A9451, Sigma-Aldrich Company Ltd., Gillingham, UK) once a day for 5 consecutive days. Control 
mice were injected with buffer alone (n = 4). Mice were killed 25 days after the initial injection by KXA 
injection. Urine collection was performed by means of metabolic cages. Albumin levels were determined 
by sandwich ELISA using a goat-anti-mouse albumin antibody (Bethyl Laboratories, Inc., Montgomery, 
TX, USA). Urinary creatinine excretion was determined by enzymatic assays (J2L Elitech, Labarthe 
Inard, France). The experiments were performed with the approval of the Experimental Animal Ethics 
Committee of the University of Utrecht. All animals were used for analysis unless stated otherwise.

Histology
Renal tissue was paraffin-embedded and cut into 3 μm sections. Periodic acid Schiff (PAS) staining 
was performed to assess morphology. Two skilled observers blinded to the identity of the slides scored 
mesangial matrix index (MMI) (only in the STZ experiment) and tubular atrophy (TA). For mesangial 
matrix index, 30 random glomeruli were scored per mouse on a 200 × magnification using the following 
semiquantitative scale: 0 = 0%MMI, 1 = 0-25%, 2 = 25-50%, 3 = 50-75% and 4 = 75-100%. Tubular 
atrophy (TA) was scored in 10 randomly selected cortical areas on × 100 magnification. The following 
semiquantitative scale was used: 0: no TA; 1: 0–5% TA (0-5% of tubuli in the field shows atrophy); 2: 5–10% 
TA; 3: 25–50% TA; 4: 50–75% TA; 5: 75–100% TA. The mean of the ten fields scored was used for further 
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statistical analysis. Photographs were taken on a Nikon Eclipse E800 microscope with a Nikon DXM1200 
digital camera using the Nikon ACT-1 software version 2.70 (Nikon Netherlands, Lijnden, Netherlands).

Electron microscopy
Tissue samples were fixed in Karnovsky solution. Upon embedding, samples were rinsed with 0.1 
M Na-cacodylate buffer, followed by fixation with 1% osmiumtetroxide, and dehydrated with 
acetone and embedded in Epon. Ultrathin sections of 95 nm were cut and mounted on copper one-
hole specimen support grids. Sections were stained with uranyl acetate and lead citrate to provide 
contrast. Ultrathin sections were photographed using a transmission electron microscope (JEM-
1200 EX; JEOL, Peabody, MA). GBM thickness was measured in five random glomeruli per 
mouse at 10 perpendicular cross-sections of GBM per glomerulus at a magnification of 5000 and 
analyzed by computer image analysis (ImageJ; National Institutes of Health, www.rsb.info.nih.
gov/ij/). GBM thickness was defined as the distance between the inner and the outer lamina rara.

Immunohistochemistry
Immunohistochemistry was performed on 3 μm formalin-fixed and paraffin embedded (FFPE) kidney 
slides injected with endogenous peroxidase block and heat-based antigen retrieval in citrate buffer (pH 
6). For α-smooth muscle actin (αSMA) immunostaining, sections were incubated with 1/200 rabbit 
polyclonal anti-αSMA antibody (ab5694, Abcam, Cambridge, UK), followed by incubation with goat-
anti-rabbit BrightVision-PO (Klinipath, Duiven, The Netherlands). Bound antibody was visualized 
with NovaRed (Vector Laboratories, Burlingame, CA, USA). In the diabetes experiment, per animal, 
ten 200 × high power fields were scored as 0 (no/minor interstitial staining) or 1 (moderate/heavy 
interstitial staining). The average score per animal was used for statistical analysis. In the UUO and 
AA experiments, amount of αSMA positivity was scored on a scale of 1 to 10 on ten 200 × high 
power fields. Scoring was performed by two independent observers. For CTGF immunohistology, 
after heat-based antigen retrieval in citrate buffer (pH 6), sections were incubated with a 1/800 
dilution of goat polyclonal anti-CTGF antibody (sc-14939, Santa Cruz Biotechnology, Heidelberg, 
Germany) for 60 min, followed by rabbit anti-goat IgG (Dako, Glostrup, Denmark) and goat-anti-
rabbit Powervision-HRP (Klinipath). Infiltration of macrophages was determined in frozen kidney 
sections, which were fixed with acetone, blocked, and incubated with a rat antibody against the 
mouse macrophage antigen F4/80 (Serotec Benelux, Oxford, UK). Sections were then incubated with 
horseradish peroxidase (HRP)-conjugated rabbit anti-rat (Dako, Glostrup, Denmark) and goat anti-
rabbit Powervision-HRP (Klinipath, Duiven, The Netherlands), developed with Nova Red (Vector 
Laboratories, Burlingame, CA, USA) and counterstained with hematoxylin. The number of F4/80 
positive cells per high power field (field area 0.245 mm2) was counted in a blinded fashion in the 
STZ experiment. Only cells positive for F4/80 in both the nucleus and the cytoplasm were counted 
as truly positive cells. In the UUO and AA experiments, staining intensity was digitally measured (% 
positive area), for the large number of macrophages in obstructed kidneys precluded accurate counting.

Quantitative PCR
Total RNA was extracted from 30 mg frozen renal cortex using RNeasy columns (Qiagen, Venlo, 
The Netherlands). After cDNA synthesis, expression of CTGF was assessed by quantitative real-
time PCR using TaqMan Gene Expression Assays with commercially pre-designed probe and 
primers (Applied Biosystems, Foster City, CA, USA) (Product nr; Mm00515790_g1). Tata-
box binding protein (TBP) (Product nr; Mm00446973_g1) was used as internal reference gene.

Western blot analysis
Sections of renal cortex were homogenized in lysis buffer (20 mM Tris at pH 7.4, 150 mM NaCl, 1% 
Triton X-100, 0.1% SDS, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 50 mM 
NaF, 2 mM Na3VO4) containing 5% Protease Inhibitor Cocktail (Sigma, St Louis, MO, USA). Protein 
quantity was determined by BCA protein assay kit (Pierce, Rockford, IL, USA). Samples were run on 
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10% sodium dodecyl sulfatepolyacrylamide gels (SDS-PAGE) and transferred onto PVDF membranes. 
Following blocking, membranes were incubated with polyclonal antibody (1:200) specifically directed 
against CTGF (sc-14939, Santa Cruz Biotechnology, Heidelberg, Germany) overnight, washed, and 
incubated with horseradish peroxidase-conjugated secondary antibody. For detection, membranes 
were incubated with ECL Advance Western Blotting Detection Kit (GE Healthcare, Diegem, 
Belgium) and scanned by making use of the Chemidoc XRS imaging system (Biorad, Hercules, 
CA). Actin antibody (Sigma-Aldrich) was used for loading control. Densitometric analysis was 
performed using Imagelab software version 3.0.1 (Biorad, Hercules, CA). The average intensity of 
the 38 kDa CTGF bands was divided by the average intensity of the corresponding beta-actin bands.

Hydroxyproline assay
Renal tissue from FFPE sections was deparaffinated, hydrolyzed and dissolved in lysis buffer. 
Samples underwent pre-column derivatization with σ-phtaldialdehyde (Sigma-Aldrich) and then 
9-fluorenylmethylchloroformate (Fluka) to form fluorescent adducts of proline and hydroxyproline. The 
fluorescent adducts were separated and determined by reverse-phase HPLC followed by fluorometric 
detection. The ratio of hydroxyproline to proline was used as a measure for quantification of total tissue 
collagen content.

Statistical analysis
Data are presented as mean ± SEM. Differences between groups were analyzed by Chi-Square test 
and two-way ANOVA with Bonferroni correction for multiple comparisons where appropriate. The 
statistical analysis was performed using GraphPad Prism software for Mac, version 5 (GraphPad 
Software, San Diego, CA, USA). For all comparisons, a value of P < 0.05 was considered to be 
significant (two-tailed).
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Results

CTGF mRNA and protein levels are reduced in the CTGF+/− mouse
Compared to wild-type (WT, CTGF+/+) mice, CTGF+/− mice showed significantly less CTGF protein 
expression. In WT mice, podocytes stained strongly for CTGF as evaluated by immunohistochemistry, 
and this intensity was attenuated in CTGF+/− mice (Figure 1A). Quantification by western blotting 
on renal cortex lysates confirmed these results: there was a significant, 53% reduction in CTGF 
expression in CTGF+/− mice as compared to WT mice (P < 0.05) (Figure 1B). CTGF mRNA was 
equally reduced in CTGF+/−mice as compared to WT mice and this reduction was comparable to the 
protein reduction. In each tested animal model of renal disease, CTGF mRNA was clearly upregulated 
(up to 8.8-fold in AA nephropathy, P < 0.001), and CTGF reduction in renal cortex of CTGF+/− mice 
as compared to WT mice was approximately 50% in all three disease models (P < 0.05) (Figure 1C).

CTGF+/+ CTGF+/-A B

CFigure 1: CTGF 
protein and mRNA 
levels are reduced in 
the CTGF+/− mouse. 
A: IHC localizes 
CTGF expression 
mainly to podocytes 
and is clearly 
decreased in CTGF 
+/− mice. B: CTGF 
protein expression 

is 53% decreased in control renal tissue of 
CTGF+/− mice as compared to WT mice 
(CTGF+/+mice). C: CTGF mRNA expression 
is significantly decreased in CTGF+/− mice 
as compared to WT mice (CTGF+/+ mice). 
All tested models of renal injury showed an 
increase in CTGF expression, which was 
in each case attenuated by approximately 
50% in the +/− genotype to (near) normal 
levels, except in AA nephropathy showing 
almost 9-fold increase of CTGF expression 
in WT and approximately 4.5-fold increase 
in CTGF+/− mice. *P < 0.05, ***P < 0.001
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Clinical characteristics of mice in long-term STZ-induced diabetic nephropathy
Induction of diabetes in WT and CTGF+/− mice on a C57BL/6 background by intraperitoneal injection 
of high-dose streptozotocin (200 mg/kg) resulted in characteristic features of diabetic nephropathy 
(DN), including persistent hyperglycemia, increased glycosylated hemoglobin levels, increased 
kidney-to-body-weight ratio, hyperfiltration and increased plasma urea levels. Blood pressure was not 
significantly elevated in STZ-induced diabetic vs. control mice (Table 1). After 6 months, the mean 
survival rate of STZ-induced diabetic mice was 70% with no significant difference between WT and 
CTGF+/− mice. Of all injected mice, 25.9% did not respond to STZ and were excluded from further 
analysis. The amount of non-responders was not significantly different between WT and CTGF+/− mice.

Experimental long-term diabetes induces typical diabetic glomerular pathology
In the diabetes model, we observed glomerular pathology with diffuse mesangial matrix 
increase and nodular accentuation in some glomeruli (Figure 2A). Examination of glomerular 
histology by means of PAS staining showed an increased mesangial matrix index (MMI) in STZ-
induced diabetic mice as compared to control mice (12.1 ± 1.08 vs. 2.6 ± 0.34 in controls, P < 
0.001), and MMI was 1.4-fold higher in STZ-induced diabetic CTGF+/− as compared to WT 
mice (P < 0.05, Figure 2A). Glomerular basement membrane (GBM) thickness as measured by 
electron microscopy was significantly increased in STZ-induced diabetic kidneys as compared 
to control kidneys (137.6 ± 5.2 nm vs. 98.1 ± 2.9 nm in controls, P < 0.001, Figure 2B).

STZ-induced diabetic CTGF+/− mice are not protected from albuminuria, tubulointerstitial damage, 
fibrosis, and renal inflammation
Albuminuria is increased in STZ-induced diabetic as compared to control mice, both in male and 
female mice and especially beyond 3 months of diabetes, but there was no attenuation of albuminuria 
in STZ-induced diabetic CTGF+/− mice (Figure 3). 
	 Tubular injury associated with DN in human patients is characterized by flattening of tubular 
epithelial cells and thickening of the tubular basement membrane. Areas of tubular atrophy are typically 
found in close proximity with surrounding interstitial fibrosis. In the diabetes model, tubular atrophy and 
interstitial fibrosis were both clearly present. Tubular atrophy scoring revealed a significant increase in 
STZ-induced diabetic mice as compared to control mice (1.7 ± 0.7 vs. 0.1 ± 0.3 in controls, P < 0.001), 
but tubular atrophy was not attenuated in diabetic CTGF+/− mice (Figure 4A).
	 The mesenchymal marker α-smooth muscle actin (αSMA) (staining interstitial myofibroblasts) 
was clearly expressed in interstitial areas in STZ-induced diabetic mice (0.50 ± 0.06 vs. 0.14 ± 0.03 in 
control mice, P < 0.05) but could not distinguish between WT and CTGF+/− mice (Figure 4B). As a 
quantitative measure of collagen content, hydroxyproline/proline ratio (Hyp/prol ratio) was measured 
in renal cortical lysates by HPLC technology. Kidneys from STZ-induced diabetic mice showed a 
significantly increased collagen content (0.78 ± 0.09 vs. 1.17 ± 0.06 Hyp/prol ratio, P < 0.01), though 
there was no difference between CTGF+/− mice and WT mice (Figure 4C).

Table 1. Characteristics of control and STZ-induced diabetic WT and CTGF+/- mice
Ctrl WT Ctrl +/- STZ WT STZ +/-

N (% male) 8 (50) 7 (43) 9 (56) 7 (57)
Body weight (g) 28.8 (5.4) 29.1 (8.3) 24.2 (2.7)* 24.2 (2.4)*
Kidney weight (mg) 149 (8.0) 147 (8.7) 157 (7.6) 172.4 (11)
Kidney weight/body weight (mg/g) 5.2 (0.6) 5.1 (0.3) 5.9 (0.9)* 7.0 (0.5)*
Plasma glucose (mmol/l) 11.0 (0.6) 10.6 (0.5) 25.7 (0.3)* 24.6 (1.4)*
HbA1c (%) 3.7 (0.6) 3.7 (0.4) 6.4 (1.4)* 6.3 (1.2)*
Plasma creatinine (umol/l) 14.1 (2.1) 21.5 (2.9) 20.3 (2.8) 25.2 (3.8)
Plasma ureum (mmol/l) 7.3 (0.5) 6.7 (0.8) 12.9 (0.8)* 11.5 (1.9)*
Urine (ml/24 h) 1.6 (0.4) 1.4 (0.1) 14.6 (4.4)* 16.8 (3.9)*
Blood pressure (mmHg) 106 (6.1) 109 (3.6) 115 (8.5) 116 (6.0)
Data are means (SEM). *P < 0.05 STZ-induced diabetic versus control mice. No significant 
differences between CTGF WT and CTGF+/− mice. Abbreviations: Ctrl, Vehicle control. 
WT, CTGF +/+ wild type. STZ, streptozotocin induced diabetes.
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Figure 2: Experimental long-term diabetes induces 
typical diabetic glomerular pathology. A: Mesangial 
matrix increase is clearly visible in PAS-stained 
slides of diabetic glomeruli. Semi quantitative 
evaluation confirms a significant mesangial matrix 
increase (MMI) between STZ-induced diabetic and 
control mice, and a slightly but significantly higher 
increase in CTGF+/− as compared to WT mice. 

Figure 3: Albuminuria is not attenuated in STZ-induced diabetic CTGF+/− mice. Both female 
(A) and male (B) mice were studied at different time points. Generally, albuminuria was 
higher in male mice. There was an equal increase in albuminuria in male as well as female 
WT and CTGF+/− STZ-induced diabetic mice as compared to control mice. *P < 0.05.
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membrane (GBM) thickness measured by EM 
is equally increased in WT and CTGF+/− STZ-
induced diabetic as compared to control glomeruli 
(arrows indicate GBM, arrowhead indicates 
podocytes foot process). *P < 0.05, ***P < 0.001.
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Figure 4: STZ-induced diabetic CTGF+/− mice are 
not protected from tubulointerstitial damage and 
fibrosis in long-term diabetes. A: Tubular atrophy, as 
evidenced by flattening of tubular cells and increased 
thickness of the tubular basement membrane, is 
observed in WT as well as CTGF+/− STZ-induced 
diabetic mice (arrows), but not in control mice. 
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Figure 4 (Continued): B: Staining for α-smooth 
muscle actin can be seen in control mice only marking 
the media of (small) arteries (arrow: α-smooth muscle 
actin staining in glomerular arteriole). In STZ-induced 
diabetic WT as well as in STZ-induced diabetic 
CTGF+/− mice, α-smooth muscle actin staining 
is increased and observed also in interstitial areas 
(arrowhead). C: Hydroxyproline/proline ratio’s reflect 
the equal increase of renal collagen contents of STZ-
induced diabetic as compared to control kidney in WT 
and CTGF+/− mice. (AU: arbitrary units). *P < 0.05, 
**P < 0.01, ***P < 0.001.
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Figure 5: Equal increase of renal inflammation 
in long-term diabetes in WT and CTGF+/− 
mice. Increase of intensity and more widespread 
distribution of F4/80-staining in STZ kidneys is 
not different in CTGF+/− as compared to WT mice. 
**P < 0.01
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F4/80 positive macrophages were more widespread in STZ-induced diabetic mice as compared to 
control mice: STZ-induced diabetic mice showed an approximate 1.5-fold increase in presence of 
F4/80 positive cells in the kidney (133.9 ± 15.4 vs. 80.5 ± 7.9 per HPF in control mice, P < 0.01). No 
statistical significant difference in cellular infiltration between STZ-induced diabetic WT mice and 
diabetic CTGF+/− mice was detected (Figure 5A).

CTGF+/− mice are not protected from tubulointerstitial damage, fibrosis, and renal inflammation 
induced by UUO
After 14 days of unilateral ureteric obstruction, tubular atrophy and interstitial fibrosis were markedly 
increased in obstructed kidneys, and clearly more severe as compared to the tubular atrophy seen in 
STZ-induced diabetic animals. Tubular atrophy scoring revealed a significant increase in obstructed as 
compared to contralateral kidneys (2.8 ± 0.4 vs. 0.2 ± 0.5 in controls, P < 0.001), but tubular atrophy was 
not attenuated in obstructed kidneys of CTGF+/− mice (Figure 6A). In interstitial areas of obstructed 
kidneys, αSMA staining was intense (7.19 ± 0.56 vs. 0.13 ± 0.09 in control mice, P < 0.001) but not 
different between WT and CTGF+/− mice (Figure 6B). The Hyp/prol ratio, showed a 3.7-fold increase 
in obstructed as compared to contralateral kidneys (0.69 ± 0.07 vs. 2.56 ± 0.14,P < 0.001), which 
is a larger increase than seen in STZ kidneys or kidneys from mice injected with AA (Figure 4 and 
Figure 8). Again, no significant differences could be detected between both genotypes (Figure 6C). As 
compared to contralateral kidneys, there was a more than 4-fold increase in F4/80 staining intensity in 
obstructed kidneys (37.7 ± 2.2 vs. 8.8 ± 2.7 in contralateral kidneys,P < 0.01). No statistical significant 
difference in cellular infiltration between WT mice and CTGF+/− mice was detected (Figure 7A).

The aristolochic acid model of nephropathy induces profound tubular damage and renal fibrosis, 
which is not attenuated in CTGF+/− mice
Twenty-five days after the first AA injection, both WT and CTGF+/− mice showed loss of renal 
function as evident by plasma urea levels which were 6.1–fold elevated as compared to controls 
(6.3 ± 0.9 vs. 37.9 ± 7.3 mmol/l, P < 0.05). Histologically, profound tubular dilation and atrophy 
of proximal tubular epithelium were seen in AA mice (tubular atrophy scoring 1.3 ± 0.3 vs. 0.2 ± 
0.01, P < 0.05). Semiquantitative scoring however could not detect differences between CTGF+/− 
mice and WT mice (Figure 8A). In interstitial areas, αSMA staining was clearly induced (6.77 ± 
0.55 vs. 0.48 ± 0.08 in control mice,P < 0.05) but this was not different between WT and CTGF+/− 
(Figure 8B). Collagen content as measured by HPLC (Hyp/proline ratio) showed a 70% increase of 
levels in renal tissue of AA-injected mice (0.69 ± 0.07 vs. 2.56 ± 0.14 in control mice, P < 0.05), 
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although no significant differences could be detected between both genotypes (Figure 8C). The 
increase in collagen content in this model is larger than the increase seen in diabetic nephropathy, but 
smaller than the increase seen in the UUO model. As compared to contralateral kidneys, there was 
a 3-fold increase in macrophage influx in AA kidneys (37.7 ± 2.2 vs. 8.8 ± 2.7 in control kidneys, 
P < 0.001), but no difference between WT mice and CTGF+/− mice was detected (Figure 8D).

Figure 6: Obstructed kidneys of CTGF+/− mice are not 
protected from tubulointerstitial damage and fibrosis 
in UUO. A: Severe tubular atrophy, seen as flattening 
of tubular cells, increased thickness of the tubular 
basement membrane, and increase in interstitial space 
is present in obstructed, but not in contralateral kidneys. 
By semi quantitative scoring, tubular atrophy is indeed 
markedly induced in obstructed kidneys. No differences 
are detected between CTGF+/− mice and WT mice. 
Arrowheads indicate tubular atrophy. 
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Figure 6 (Continued): B: Semi quantitative scoring 
shows that αSMA is significantly increased in obstructed 
as compared to contralateral kidneys. Staining for 
α-smooth muscle actin (αSMA) can be seen in 
contralateral kidneys only in the media of (small) 
arteries. In obstructed kidneys, αSMA staining is visible 
in interstitial areas (arrowhead). C: Hydroxyproline/
proline ratio as a measure of collagen content in tissue 
shows significant increases in obstructed kidneys as 
compared to contralateral kidneys. (AU: arbitrary units).
***P < 0.001.
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Figure 8: The aristolochic acid model of nephropathy 
induces profound tubular damage and renal fibrosis, which 
is not attenuated in CTGF+/− mice. A: Tubular damage, 
including epithelial cell loss or denudation and increase 
in interstitial space is present in AA kidneys but not in 
controls. By semi quantitative scoring, tubular atrophy 
is markedly induced in the AA model. No differences 
are detected between CTGF+/− mice and WT mice. 
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Figure 7: Increased renal inflammation in the UUO 
model. F4/80-staining intensity shows a 4-fold increase. 
Semiquantitative scoring confirmed that there were 
significantly more F4/80 positive macrophages present in 
obstructed as compared to contralateral kidneys. **P < 0.01.
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Figure 8 (Continued): B: Staining for α SMA 
can be seen in control kidneys only in the media 
of (small) arteries. In AA kidneys, αSMA staining 
is visible in interstitial areas (arrowhead). Semi 
quantitative scoring shows that αSMA is significantly 
increased in AA as compared to control kidneys. 
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Figure 8 (Continued): C: Collagen content measured by hydroxyproline/proline ratio (Hyp/
pro) is significantly increased (by 70%) in AA kidneys as compared to controls, but there were no 
differences between CTGF+/− mice and WT mice. D: Significantly more F4/80 positive macrophages 
present in AA as compared to control animals. (AU: arbitrary units). **P < 0.01, ***P < 0.001
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Discussion

The major finding in this study is that WT and CTGF+/− mice do not present major differences in 
renal phenotype in three models of severe and chronic renal damage. There were no important 

differences in structural and functional read-outs between both genetic strains, indicating that the level 
of CTGF expression was not a limiting factor in the here studied experimental models of kidney disease.
	 In the 6 months STZ induced diabetes experiment, relatively pronounced histological 
alterations occurred, including mesangial matrix expansion, increase in glomerular basement membrane 
thickness, nodular glomerulosclerosis, tubulointerstitial damage with myofibroblast activation 
(αSMA positivity), increase in renal collagen content (hydroxyproline/proline ratio) and increase in 
inflammation as measured by macrophage influx. These changes were accompanied by a significant 
rise in albuminuria and plasma urea in STZ-induced diabetic mice. For none of these histological and 
functional parameters, a clear difference was seen between hemizygous CTGF+/− mice and WT mice, 
the only exception being mesangial matrix expansion, which was slightly more increased in STZ-
induced diabetic CTGF+/− as compared to WT mice. The significance of this is unknown, since it did 
not translate into differences in albuminuria, and it was unrelated to glomerular basement membrane 
thickness. Remarkably, separate evaluation of ocular manifestations of long-term diabetes did reveal 
a significantly attenuated phenotype of retinal damage in these same CTGF+/− mice (R.J. van Geest 
et al., unpublished), in line with the known harmful profibrotic role CTGF plays in the diabetic eye, 
despite not influencing angiogenesis (22, 23). A recent study that targets CTGF with siRNA in diabetic 
retinopathy in rats confirms the deleterious effects of CTGF in development of retinofibrosis (24). 
Furthermore, in a milder model of STZ induced nephropathy also conducted with the same CTGF+/− 
mouse strain, a significant lowering of albuminuria could be observed (10). This suggests different 
mechanisms and/or contextual determinants of quantitative CTGF effects that still await clarification.
	 In the UUO and AA experiments, extensive tubulointerstitial damage was seen. 
Semiquantitative tubular atrophy scoring showed a mean of 2.7 and of 1.8 on a scale of 5 in obstructed and 
AA-damaged kidneys, respectively, indicating that approximately 50% and 35% of renal parenchyma 
showed scarring. Both in the UUO and the AA nephropathy experiments, there was pronounced 
interstitial αSMA positivity, reflecting presence of activated myofibroblasts, which was associated 
with significant interstitial inflammation, evidenced by 2- and 4-fold increases in F4/80 positivity 
as compared to control kidneys. Thus, these two models of tubulointerstitial renal disease have not 
revealed any significant effect of 50% reduced CTGF levels in CTGF+/− mice. For AA nephropathy, 
this is in line with a recent report where tubulointerstitial injury, fibrosis and loss of kidney function 
were not aggravated in transgenic mice overexpressing CTGF under the Col1A2 promoter as compared 
to WT mice, showing that further increase of CTGF above the levels occurring in injured WT mice do 
not aggravate the renal response to injury in AA nephropathy (19). Of note, the 3 to 4-fold increase of 
CTGF expression in WT and CTGF overexpressing mice in this report, is lower than the 8-fold increase 
we observed in our study, which might relate to the earlier time of evaluation (52 days in the paper by 
Fragiadaki et al., compared to 25 days in our study) and to the different mouse strains (CBA/C57BL10 
vs. C57Bl/6).
Two other studies have already evaluated the effect CTGF attenuation by targeting its transcription. 
Yokoi et al. demonstrated attenuation of fibrosis in a 7-day rat UUO model after CTGF blockade by 
antisense oligodeoxynucleotide treatment, which reduced CTGF expression to ± 50% of normal levels 
(15), while Guha et al. tested antisense oligonucleotides in a low-dose STZ model with 16 weeks of 
hyperglycemia (14). A major difference between experimental set-ups in those studies as compared 
to the studies presented here is the 7 days longer obstruction in our UUO-study and 2 months longer 
duration of our diabetes model. Remarkably, at the earlier time-points addressed in these papers, 
attenuation of CTGF expression translated into almost linear reduction of e.g. fibronectin, αSMA and 
collagen expression, suggesting that in the initial phase of fibrotic renal disease, CTGF is a crucial 
and limiting factor determining renal response to injury. In a more recent publication, the monoclonal 
anti-CTGF antibody FG-3019 was used to inhibit fibrosis in mice subjected to UUO (25). Duration of 

Hemizygous CTGF deletion does not prevent severe CKD  Chapter 9

9



146 Chapter 9  Hemizygous CTGF deletion does not prevent severe CKD

the experiment was 14 days, which makes the set-up of this study very well comparable to our 14-day 
UUO experiment. Hydroxyproline/proline ratios were 15 to 20% lower in mice injected with doses of 
resp. 30 mg/kg and 10 mg/kg FG-3019 every other day. Remarkably, there was no linear dose–response 
relationship, since the lower 10 mg/kg dose was the most effective in reducing renal collagen content. 
It was not reported to what extent FG-3019 treatment reduced CTGF levels, and no other gene, protein 
or histological read-outs of fibrosis apart from the hydroxyproline/proline ratios were reported. This 
makes it again difficult to accurately compare the morphological phenotype between this study and 
our study.
One possible explanation for the lack of differences between damaged WT and CTGF+/−kidneys in 
the present study might be that CTGF is redundant with, or overruled by other factors in the fibrotic 
response to chronic or more severe acute kidney damage. Alternatively, there might be a threshold 
level below the 50% knockdown we observed. It might well be that a further reduction of CTGF does 
attenuate adverse remodelling and loss of kidney function. In light of this it is important to realize how 
the relatively reduced CTGF level in damaged CTGF+/− kidneys compared to the absolute levels in 
normal control kidneys. In AA nephropathy, the CTGF+/− kidneys still contained > 4-fold higher CTGF 
levels than WT control kidneys, which makes it less surprising that there is still fibrosis. In contrast, in 
the diabetes and UUO models, renal CTGF levels of hemizygous knock-out mice were comparable to or 
even below those in WT control kidneys. This might seem to suggest that the disease phenotype in these 
mice should be explained largely by CTGF-independent factors. However, considering the modulatory 
action of CTGF in many different signalling pathways, also smaller, even normal amounts of CTGF 
in concert with other factors, such as CCN family members, might still be a critical determinant of 
the renal response to chronic and severe injury. To test these hypotheses, further reduction of CTGF 
availability in these models will be necessary. Since homozygous CTGF deletion is lethal early after 
birth, these experiments will have to rely on alternative approaches, including inducible knockout of 
floxed CTGF alleles using a gene recombination knockdown system. Since 50% CTGF reduction 
did not appear to limit fibrosis in severe models of kidney fibrosis, CTGF therapy comes into a new 
perspective. Whether CTGF reduction might prove enough to combat fibrosis or organ failure in other 
fibrotic diseases under severe conditions, such as cardiomyopathy, fibrotic skin disorders, systemic 
sclerosis, biliary atresia, liver fibrosis, sarcoidosis and idiopathic pulmonary fibrosis is also an objective 
worthwhile investigating.
In conclusion, unlike in mild and relatively early STZ induced nephropathy, reduction of CTGF by 
50% to (near) normal levels may by itself not be sufficient to inhibit fibrosis in severe and chronic 
kidney diseases. Future studies aiming at further reduction of CTGF availability to levels below those 
of normal controls will be needed to determine whether CTGF is redundant in severe and chronic 
kidney disease, or whether it is a rate limiting factor of fibrosis in low concentrations that might be 
effective when reduced by available or emerging therapies.
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Abstracts
Increased lymphangiogenesis occurs in various types of kidney disease, and the number of renal 
lymphatic vessels is related to the degree of renal interstitial fibrosis. Vascular endothelial growth factor-C 
(VEGF-C) is the main driver of lymphangiogenesis. Transforming growth factor-β (TGF-β) plays a key 
role in renal lymphangiogenesis by promoting VEGF-C production. Connective tissue growth factor 
(CTGF; CCN-2), another TGF- β responsive gene, is an important mediator of kidney fibrosis and has 
been shown to interact with VEGF-A. A possible CTGF interaction with VEGF-C and involvement 
thereof in lymphangiogenesis has not been explored. We used inducible CTGF ubiquitous knockout 
(CTGF-/-) mice to investigate the involvement of CTGF in fibrosis and associated lymphangiogenesis 
in severe obstructive nephropathy. In vitro, we investigated the possible involvement of CTGF in 
VEGF-C expression downstream of TGF-β, and in regulation of VEGF-C lymphangiogenic activity. 
The increase of lymphatic vessels and VEGF-C in obstructed wild-type kidneys was significantly reduced in 
CTGF-/- mice. In vitro, rhCTGF induced VEGF-C production in HK-2 cells, and CTGF siRNA suppressed 
TGF- β1-induced VEGF-C upregulation. Furthermore, CTGF bound directly to VEGF-C, with similar 
affinity as to VEGF-A. Interestingly, VEGF-C-induced capillary-like tube formation by human lymphatic 
endothelial cells was suppressed by full-length CTGF, but not by its physiological cleavage products. 
	 We conclude that CTGF can regulate fibrosis-associated lymphangiogenesis in the kidney by 
stimulating VEGF-C expression and modulating VEGF-C activity through direct physical interaction.
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Introduction

Chronic kidney disease (CKD) is a major health problem with rising incidence and prevalence 
for which currently no effective therapy other than renal replacement therapy exists (1). Both 

hemodialysis and renal transplantation are accompanied by a major economic and health burden, and 
the number of transplantable donor kidneys does not match the need (2, 3). Therefore, increasing effort 
is being put in the development of therapeutic interventional strategies to prevent CKD occurrence 
or limit progression to end stage renal disease. One potential strategy focuses on lymphangiogenesis.
	 The lymphatic vasculature is essential for the maintenance of tissue fluid balance, immune 
surveillance, and absorption of fatty acids in the gut. Lymphatic vessels normally drain, filter, and return 
extravasated tissue fluid, cells, and proteins back to the circulation through the thoracic and lymphatic 
ducts (4). Lymphangiogenesis has been observed in various diseases, including tumor metastasis (5), 
inflammatory disease (6), heart disease (7), and renal diseases such as transplant rejection (8-10). 
Signaling of vascular endothelial growth factor (VEGF)-C through the VEGF receptor (VEGFR)-3 
is central to lymphangiogenesis (11, 12). In addition, lymphangiogenesis is associated with fibrotic 
disease. We previously reported that lymphangiogenesis was observed in various types of human kidney 
diseases, and the number of renal lymphatics was related to the degree of renal interstitial fibrosis 
(13). During obstructive nephropathy, transforming growth factor– β (TGF- β) increases VEGF-C 
expression, which leads to lymphangiogenesis (14, 15). We also demonstrated a similar mechanism of 
lymphangiogenesis in peritoneal fibrosis in association with peritoneal dialysis (16).
	 The matricellular and multimodular protein connective tissue growth factor (CTGF; CCN-2) 
is a major contributor to CKD development and progression (17). TGF- β induces CTGF expression 
in multiple cell types including mesangial cells and renal tubular epithelial cells. CTGF plays a role 
in the development and progression of glomerulosclerosis and tubulointerstitial fibrosis as part of 
TGF-β -dependent and TGF-β -independent pathways (18, 19). Additionally CTGF modulates TGF- β 
signaling by direct physical interaction (20). A 50% reduction of CTGF reduced fibrotic development 
in relatively mild models of renal disease (21, 22). We also found, that 50% reduction of CTGF was not 
enough to reduce fibrosis in severe models of renal disease (23), but it should be noted that under these 
circumstances, the 50% reduced CTGF expression was still well above physiological baseline levels. 
Besides its major regulatory role during fibrosis, CTGF is also an important regulator of angiogenesis 
(24). Paradoxically, CTGF binding to VEGF-A, a strong angiogenic growth factor, reduces in vitro tube 
formation by vascular endothelial cells and inhibits angiogenesis (25, 26). However, little is known 
about the possible role of CTGF in lymphangiogenesis and regulation of VEGF-C expression and 
activity remains to be elucidated. 
In the present study, we address the hypotheses that that 1) CTGF reduction well below baseline 
levels during a severe model of renal disease will result in reduction of fibrosis in a severe model of 
(obstructive) kidney disease, and 2) CTGF plays a major role in fibrosis associated lymphangiogenesis 
in this model. To this aim, we assessed fibrosis, lymphangiogenesis, and VEGF-C expression in severe 
obstructive nephropathy induced by unilateral ureteral obstruction for 14 days in wild type (WT) and 
inducible ubiquitous CTGF knock-out mice (Rosa26-MER; CTGFfl/fl) in which near complete CTGF-
deletion was achieved by repeated tamoxifen administration 2 weeks earlier. In addition, we analyzed 
CTGF effects on VEGF-C production in cultured human renal proximal tubular epithelial cells (HK-2). 
The interaction of CTGF with VEGF-C was studied by surface plasmon resonance (SPR) and human 
lymphatic microvascular endothelial cell culture.  
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Materials and Methods

Experimental animal model
The animal experiment was performed with the approval of the Experimental Animal Ethics 
Committee of the University of Utrecht. Generation of floxCTGF mice has been extensively described 
elsewhere (27). Briefly: LoxP sites flank exon 4 of the CTGF gene and genetic recombination leads 
to an early frameshift. By crossing floxCTGF mice with ROSA26-ERT2CRE mice for several 
generations, ROSA26-ERT2CRE/floxCTGF mice were created. Both strains were of C57Black6/J 
background. ROSA26-ERT2CRE/floxCTGF mice were injected with corn oil (n = 5) for WT mice 
or tamoxifen (n = 9) for CTGF-/- mice. Mice received 4 intraperitoneal injections of 100 μl (10mg/
ml) tamoxifen every other day over the course of one week. Two weeks after the last injection, the 
ureter of the left kidney was obstructed in all mice (UUO) as extensively described elsewhere (23). 
14 days after ligation, mice were sacrificed and organs were harvested for analysis. Unobstructed 
contralateral kidneys (CLKs) serve as control. Tissue was processed for western blot, IHC, and qPCR.

Immunohistochemistry
For staining and IHC in mouse kidney specimens, 3μm formalin-fixed paraffin sections were 
deparaffinized and rehydrated. PAS and Masson’s trichrome staining was performed using standard 
procedures. For IHC, after blocking endogenous peroxidase activity, heat-based antigen retrieval was 
performed in EDTA buffer (pH=9) for α-SMA or in citrate buffer (pH=6) for LYVE-1 and VEGF-C. 
Slides were incubated for 1 h at room temperature with the following antibodies: rabbit anti-αSMA 
antibody (1:200, Abcam, Cambridge, UK), rabbit anti-mouse LYVE-1 antibody (1:500, Acris 
Antibodies GmbH, Herford, Germany), or rabbit anti-VEGF-C antibody (1:100, Zymed Laboratories, 
San Francisco, CA), followed by the incubation with Brightvision Poly-HRP-anti-rabbit IgG 
(Immunologic BV, Duiven, Netherlands). Bound antibody was visualized with 3,3’-diaminobenzidine 
or NovaRed (Vector Laboratories, Burlingame, CA). Stained sections were counterstained with 
hematoxylin. To determine positive area percentage of Masson’s trichrome, α-SMA, and VEGF-C 
stained slides, 10 random fields per section were chosen and photographed. Positive staining areas 
were quantitated using Image J software (NIH, USA) with appropriate thresholding. LYVE-
1-positive lymphatic vessels were identified and counted in whole renal cortex areas of slides. 
The number of LYVE-1-positive vessels was corrected by renal cortex area measured by Image J.

Western blot
Frozen mouse renal cortex was homogenized in NP-40 lysis buffer containing sodium orthovanadate, 
sodium fluoride and protease inhibitor cocktail (Sigma, St. Louis, MO). Protein quantity was 
determined by BCA protein assay kit (Pierce, Rockford, IL). Samples were run on 10% SDS-PAGE 
gels and transferred onto polyvinylidine difluoride membranes. After blocking, membranes were 
incubated with a CTGF antibody (Santa Cruz Biotechnology) overnight, washed, and incubated 
with horseradish peroxidase-conjugated secondary antibody. Actin antibody (MP Biomedicals, 
Santa Ana, CA) was used on the same blot for loading control. For detection, membranes were 
incubated with chemiluminescence substrate (GE Healthcare, Little Chalfont, England) and imaged.

HK-2 cell culture
HK-2 cells (human renal proximal tubular epithelial cell line) were cultured in Dulbecco’s 
modified eagle’s medium with 10% fetal calf serum, penicillin and streptomycin in humidified 
air with 5% CO2 at 37 °C. HK-2 cells were plated at a density of 1 × 105 cells in 6-well plates. 
After a 1-day incubation, culture medium was replaced with serum-free medium for 24 h to render 
cells quiescent. Subsequently, cells were incubated in serum-free medium supplemented with 
0, 2.5, 5, or 10 nM FL-CTGF (FibroGen, South San Francisco, CA). Cells were harvested after 
8 h incubation for qPCR analysis. In CTGF inhibition studies, 1 day after seeding cells in 6-well 
plates, cells were transfected with Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) and 20 
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nM CTGF siRNA or Non-targeting siRNA (GE Healthcare). After 6 h incubation, culture medium 
was replaced with serum-free medium and incubated for 24 h. Subsequently, cells were incubated 
in serum-free medium alone or medium with 10 ng/ml TGF-β1 (R&D System, Minneapolis, 
MN). Cells and cell supernatants were harvested after 8 or 24 h incubation for qPCR and ELISA.

Quantitative PCR
Total RNA was extracted from frozen mouse renal cortex or from cultured cells using TRIzol 
(Life technologies, Carlsbad, CA). After cDNA synthesis, expression of target genes was 
assessed by qPCR using TaqMan Gene Expression Assays (mouse CTGF, Mm00515790_g1; 
mouse Col1α2, Mm00483888_m1; mouse LYVE-1, Mm00475056_m1; mouse VEGF-C, 
Mm00437313_m1; human CTGF, Hs00170014_m1; human VEGF-C, Hs00153458_m1; 
human PAI-1, Hs00167155_m1, Applied Biosystems, Foster City, CA). TATA-box binding 
protein (TBP, Mm00446971_m1) and glyceraldehydes-3-phosphate dehydrogenase (GAPDH, 
Hs99999905_m1) were used as internal reference. Samples were run on a Lightcycler 480 (Roche, 
Basel, Switzerland) and relative expression was determined using double delta Ct analysis.

VEGF-C ELISA
VEGF-C protein levels in cell culture supernatants were measured using the Human VEGF-C 
Assay Kit (IBL, Takasaki, Japan), according to the manufacturer’s instruction. Samples were frozen 
at the time of collection and stored at -80°C. Samples were not subjected to freeze–thaw cycles.

Surface Plasmon Resonance analysis
Real-time binding experiments were performed with Biacore T100 (GE Healthcare, Uppsala, Sweden). 
rhVEGF-C (R&D Systems) was immobilized (1360 RU) on a CM5 sensor-chip surface. Association of 
rhCTGF was assessed in 10mM HEPES (pH 7.4), 150mM NaCl, 3mM EDTA, 0.005% surfactant P20 
for 200 seconds, at a flow rate of 20µl/min at 25°C. Dissociation was allowed for 10 min in the same 
buffer flow. Sensor chips were regenerated using several pulses of 20mM HEPES (pH 7.4), 1M NaCl 
at a flow rate of 20µl/min. One control flow-channel was routinely activated and blocked in the absence 
of protein. Data was corrected for aspecific binding. Specific binding at equilibrium was plotted against 
[CTGF] from which Kd values were calculated using BIAevaluation Software 3.1 (GE Healthcare).

Capillary-like tube formation assay
HMVEC-dLy Neo (Neonatal normal human dermal lymphatic microvascular endothelial cells) were 
purchased from Lonza (Walkersville, MD) and were maintained in EGM-2MV BulletKit (Lonza) in 
humidified air with 5% CO2 at 37 °C. 400μl aliquots of Growth Factor Reduced Matrigel Matrix 
(Corning, Bedford, MA) were added to each well of 6-well plates, and were incubated at 37 °C for 
30 min. Cells were plated at a density of 2 × 105 /ml in serum free medium and added to the wells 
(1ml per well) and treated with 500 ng/ml recombinant VEGF-C (R&D). Cells were supplemented 
with equivalent amount (25nM) of FL-CTGF, or N-CTGF, or C-CTGF (FibroGen) in the presence 
of VEGF-C. After 6 h of incubation at 37 °C, 10 randomly selected 1700 × 1360-µm fields were 
photographed in each well, and the number of capillary-like tube formation was counted. Control 
cells were incubated without any treatment and data was expressed as a percentage of the controls.

Statistical Analyses
Values are expressed as means ± s.e. Differences between two groups were analyzed by 
Student T test. Comparisons among groups were performed by one-way ANOVA followed 
by Tukey’s HSD multiple comparison test. Differences were considered to be statistically 
significant if P<0.05. All analyses were performed using SPSS software (SPSS, Chicago, IL).
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Results

Near complete deletion of CTGF reduced tubulointerstitial fibrosis 14 days after UUO
In order to investigate the effect of CTGF reduction on renal fibrosis 14 days after UUO, we made use of 
conditional CTGF-/- mice. In WT mice, CTGF mRNA expression was increased 2.2-fold in obstructed 
kidneys (OBK) compared to contralateral kidneys (CLK)(p<0.05). CTGF-/- mice showed more than 90 
% reduction of CTGF mRNA expression in both CLK (P<0.05) and OBK (P<0.001) compared to WT 
mice (Figure 1A). CTGF-/- mice also showed a decreased expression of CTGF protein levels in both 
CLK and OBK compared to WT mice by western blot analysis (Figure 1B). Periodic acid Schiff (PAS) 
staining showed no morphological abnormalities in CLK of either WT or CTGF-/- mice. Renal cortex 
of both WT and CTGF-/- OBK showed tubular dilatation, atrophy, and casts (Figure 2A). Analysis 
of extracellular matrix accumulation by Masson’s trichrome (MTC) staining revealed that WT OBK 
shows a significant increase of tubulointerstitial fibrosis compared to WT CLK (P<0.001, Figure 2A 
and 2B). The percentage MTC positive area was significantly decreased in CTGF-/- OBK compared 
to WT OBK (P<0.01, Figure 2A and 2B). Collagen type 1 alpha 2 (Col1α2) mRNA expression was 
significantly increased in WT OBK compared to WT CLK (P<0.001, Figure 2D), but significantly 
decreased in CTGF-/- OBK compared to WT OBK (P<0.001, Figure 2d). Staining for Alpha-smooth 
muscle actin (α-SMA), a myofibroblast marker, showed a significant increase in WT OBK compared to 
WT CLK (P<0.001, Figure 2A, C), and was significantly decreased in CTGF-/- OBK compared to WT 
OBK (P<0.01, Figure 2A, C). During the experimental period, body weight was maintained better in 
CTGF-/- mice (97.9±2.6 %) than in WT mice (93.2±2.5 %; P<0.01, Supplementary Figure 1).

Figure 1: Expression of CTGF was dramatically decreased in CTGF 
knockout (CTGF-/-) mouse kidneys. A: RT-qPCR analysis showed 
that CTGF messenger RNA (mRNA) expression was significantly 
decreased in both of contralateral (CLK) and obstructed (OBK) 
kidneys of CTGF-/- mice compared to wild-type (WT) mice. Date 
are means ± s.e. (N = 5 for WT mice and N = 9 for CTGF-/- mice). 
TATA-box binding protein (TBP) was used as an internal control. 
*P < 0.05, ***P < 0.001. B: Both of CLK and OBK lysates showed 
the decreased expression of CTGF protein levels in  CTGF-/- mice 
compared to WT mice by western blot analysis. Actin was shown as 
a loading control.

Lymphangiogenesis and VEGF-C expression are reduced in CTGF-/- OBK
Next, we investigated whether near total reduction of CTGF was associated with a reduction in 
lymphangiogenesis. Lymphatic endothelial hyaluronan receptor-1 (LYVE-1) is specifically expressed 
in lymph vessels (28). LYVE-1 positive lymphatic vessels were seen only adjacent to renal blood vessels 
in CLK of both WT and CTGF-/- mice (Figure 3A). LYVE-1-positive lymphatic vessels were observed 
in the injured cortical tubulointerstitial area in OBK of both groups (Figure 3A). Quantification showed 
that the density of LYVE-1-positive lymphatic vessels in the renal cortex was significantly increased 
in OBK of WT mice compared to WT CLK (P<0.005, Figure 3A and 3B). Compared to OBK of WT 
mice however, CTGF-/- had a significantly lower lymphatic vessel density (P<0.05, Figure 3A and B). 
VEGF-C Immunohistochemistry (IHC) was barely detectable in CLK of both WT and CTGF-/- mice, 
and levels rose significantly in OBK of WT mice (P<0.005, Figure 3A and 3C). However, VEGF-C area 
positivity was significantly reduced in CTGF-/- OBK compared to WT OBK (P<0.005, Figure 3A and 
3C). qPCR analysis showed that LYVE-1 and VEGF-C mRNA expression were increased 20.3- and 
2.2-fold respectively in WT OBK compared to WT CLK. CTGF-/- OBK showed a significant decrease 
of both LYVE-1 and VEGF-C mRNA expression compared to WT OBK (P<0.05, Figure 3D and 3E).
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Figure 2: Tubulointerstitial fibrosis is 
decreased in CTGF-/- obstructed kidneys 
(OBK). A: Representative micrographs 
of periodic acid-Schiff (PAS), Masson’s 
trichrome, and α-smooth muscle actin 
(α-SMA) stained renal cortex. Scale bars 
= 50 μm. B: arbitrary quantification of 
dilatation, atrophy and cast formation. C&D: 
Quantification of Masson’s trichrome and 
α-SMA showed E: RT-qPCR of collagen type 
I alpha 2 (Col1α2) mRNA CLK: contralateral 
kidneys. TBP: TATA-box binding protein. 
Means ± s.e. (N = 5 for WT mice and N = 9 
for CTGF-/- mice). **P < 0.01, ***P < 0.001, 
n.s.: not significant.
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Figure 3: Expression of lymphatic vessels and vascular 
endothelial growth factor-C (VEGF-C) was decreased 
in connective tissue growth factor knockout (CTGF-
/-) obstructed kidneys (OBK). A: Representative 
micrographs of immunohistochemistry of lymphatic 
endothelial hyaluronan receptor-1 (LYVE-1) and 
VEGF-C in mouse renal cortex. Arrows indicate LYVE-1 
positive lymphatic vessels. Insets indicate magnification 
of the black boxed area. Scale bars = 100 μm B&C: 
Quantification of LYVE-1 positive lymphatic vessels 
and VEGF-C in CTGF-/- mice and WT. D&E: RT-qPCR 
analysis of Lyve-1 and Vegf-c. CLK: contralateral kidneys. 
TBP: TATA-box binding protein. Date are means ± s.e. 
(N = 5 for WT mice and N = 9 for CTGF-/- mice). *P < 
0.05, ***P < 0.001, n.s.: not significant.
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CTGF induces VEGF-C production in proximal tubular cells
We investigated CTGF-induced VEGF-C expression in HK-2 cells to assess the role of CTGF in renal 
lymphangiogenic signaling. Recombinant human full-length (FL)-CTGF dose-dependently upregulated 
VEGF-C mRNA expression in HK-2 cells 8h after incubation (P<0.05, Figure 4A). We inhibited CTGF 
expression by the transfection of CTGF short-interfering RNA (siRNA) in HK-2 cells with or without 
TGF-β1 treatment. Non-targeting siRNA was used as a control siRNA. CTGF mRNA expression 
was significantly increased by TGF-β1 8h (P<0.001), and CTGF siRNA significantly reduced CTGF 
expression in both control (P<0.05) and TGF-β1 treatment condition (P<0.001) compared to control 
siRNA (Figure 4B). TGF-β1 treatment significantly upregulated VEGF-C mRNA expression (P<0.001, 
Figure 4C). Although CTGF siRNA did not affect VEGF-C mRNA expression in control condition, 
it significantly suppressed VEGF-C upregulation treated with TGF-β1 (P<0.05, Figure 4C). VEGF-C 
protein levels in supernatants of HK-2 cells determined by enzyme-linked immunosorbent assay 
(ELISA) showed that upregulated VEGF protein levels treated with TGF-β1 after 24h of incubation 
(P<0.001) was significantly decreased by CTGF siRNA compared to control siRNA (P<0.01, Figure 
4D). The upregulation of the canonical TGF- β transcriptional target Plasminogen activator inhibitor-1 
(PAI-1) was also significantly suppressed by CTGF siRNA (P<0.05, supplementary Figure 2).

CTGF regulates VEGF-C driven lymphangiogenesis  Chapter 10

Figure 4: CTGF induced 
VEGF-C production in cultured 
human renal proximal tubular 
epithelial cells (HK-2). A: 
HK-2 cells were treated with 
recombinant human full-length 
CTGF (FL-CTGF). B-D: HK-2 
cells were transfected with CTGF 
small interfering RNA (siRNA) 
and treated with transforming 
growth factor-β1 (TGF-β1). 
Non-targeting siRNA was used 
as a control siRNA. CTGF (A) 
and VEGF-C (A&C) messenger 
RNA (mRNA) was determined by 
quantitative real-time PCR. (A-
C) Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was 
used as an internal control. (D) 
VEGF-C protein level in the 
supernatant was determined by 
enzyme-linked immunosorbent 
assay. Date are means ± s.e. 
(N = 4). *P < 0.05, **P < 0.01, 
**P < 0.001, n.s.: not significant.

CTGF directly binds to VEGF-C
To analyze the binding of CTGF to VEGF-C, we used surface plasmon resonance. CTGF displayed 
time dependent association followed by dissociation with immobilized VEGF-C (Kd=243nM±24; 
Figure 5A and 5B). Additionally, we tested NH2- and COOH-terminal proteolytic CTGF fragment 
(N-CTGF and C-CTGF) binding to VEGF-C. This showed that C-CTGF binds to VEGF-C with similar 
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Figure 5: Full length and C terminal Connective tissue growth factor (CTGF) directly binds to vascular endothelial 
growth factor-C (VEGF-C). A: Physical interaction between CTGF and VEGF-C was demonstrated by Surface Plasmon 
Resonance. Purified full length (FL), C-terminal and N-terminal CTGF were run over VEGF-C sensor chips. Association 
and subsequent dissociation were monitored by a change in resonance units. B: Binding at equilibrium was plotted 
against indicated CTGF concentrations, from which half maximal binding (Kd) was calculated. Mean±SD shown, n=3.

Figure 6: Connective tissue growth factor (CTGF) suppressed vascular 
endothelial growth factor-C (VEGF-C)-induced capillary-like tube 
formation in human dermal lymphatic microvascular endothelial cells 
(HMVEC-dLy). (A&B) VEGF-C efficiently induced capillary-like tube formation in HMVEC-dLy seeded on Matrigel 
in serum free medium for 6 h (a and b). HMVEC-dLy were treated with recombinant human full-length CTGF (FL-
CTGF) (C) or NH2-terminal fragment of CTGF (N-CTGF) (D) or COOH-terminal fragment of CTGF (C-CTGF) 
(e) in the presence of VEGF-C. Scale bars = 400 μm. F: Tube formation was quantified by counting the number of 
tubes. FL-CTGF suppressed VEGF-C-induced tube formation. N-CTGF and C-CTGF had no significant effect on 
tube formation induced by VEGF-C. Date are means ± s.e. (N = 3). **P < 0.01, ***P < 0.001, n.s.: not significant.

affinity as FL-CTGF (Kd=239nM±SD 14). No association was observed for N-terminal CTGF. 

CTGF suppressed VEGF-C-induced tube formation by human dermal lymphatic microvascular 
endothelial cells (HMVEC-dLy) HMVEC-dLy were plated on Matrigel surface and incubated for 6 
hours. Cell growth was assessed by formation of the number of capillary-like tubes. HMVEC-dLy 
efficiently formed tube structures with VEGF-C treatment (P<0.001, Figure 6A, 6B, 6F). Remarkably, 
the addition of FL-CTGF significantly suppressed VEGF-C-induced tube formation (P<0.01, Figure 
6b, c, f). In contrast, equivalent amounts of N-CTGF and C-CTGF had no significant effect on VEGF-
C-induced tube formation (Figure 6B-D and 6F).
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Discussion

In this study, we show that tubulointerstitial fibrosis and lymphangiogenesis in severe obstructive 
nephropathy is suppressed by a reduction of CTGF expression well below physiological baseline 

levels. Several reports show that reduction of CTGF expression by approximately 50% reduces 
fibrosis in mild to moderately severe models of obstructive (22), diabetic nephropathy (21), allograft 
nephropathy (29), and in the remnant kidney model (30). However, 50% reduction of CTGF expression 
in hemizygous CTGF knockout (CTGF+/-) does not suffice to reduce fibrosis in severe models of 
kidney injury, including 14 days UUO (23). Of note, CTGF expression in these models remained 
significantly elevated compared to baseline control levels. We here show that, unlike 50% reduction in 
CTGF +/- mice, stronger reduction of CTGF expression to levels well below baseline does significantly 
attenuate tubulointerstitial fibrosis and α-SMA expression also in the 14 day UUO model of severe 
chronic kidney disease. 
	 In addition, we found that near total reduction of CTGF also suppressed lymphangiogenesis, 
most likely as a result of decreased expression of VEGF-C, suggesting that CTGF might also be 
involved in regulation of VEGF-C expression and lymphangiogenesis. In line with this, we found 
that CTGF co-stimulation enhanced TGF-β1 induced VEGF-C expression in HK-2 cells, while 
CTGF siRNA significantly suppressed TGF-β1 induced VEGF-C. Thus, inhibition of CTGF might 
be a promising therapeutic approach targeting both fibrosis and lymphangiogenesis. TGF-β1 induced 
VEGF-C expression also occurs during dialysis associated peritoneal fibrosis (16), and might also be 
largely CTGF mediated, especially since peritoneal fibrosis is associated with high levels of CTGF 
(31). 
Induction of lymphangiogenesis via release of VEGF-C/D is correlated with a poor prognosis in a number 
of solid tumors (32), and blocking VEGFR-3 signaling inhibited tumor lymphangiogenesis as well as 
lymph node metastasis in animal models (33, 34). Interestingly, WNT1-inducible-signaling pathway 
protein-1 (WISP-1), another member of the CCN (CTGF/Cyr61/Nov) family, was shown to promote 
lymphangiogenesis via upregulation of VEGF-C expression in oral squamous cell carcinoma (35). A 
therapeutic monoclonal human antibody against CTGF, FG-3019, reduced tumor progression in two 
mouse models of pancreatic cancer and melanoma (36, 37), and is currently under clinical investigation 
in a phase 1/2 trial of chemotherapy in pancreatic cancer patients (Clinicaltrial.gov reference number 
NCT02210559). Considering the now apparent role of CTGF in lymphangiogenesis, the anti-metastatic 
effect of CTGF reduction might be due at least in part to reduction of tumor lymphangiogenesis.

Figure 7: Connective tissue growth factor (CTGF) plays a significant role in renal lymphangiogenesis. A: Situation 
1: Full length (C&N terminal) CTGF binds VEGF-C via the C terminal domain and the attached N terminal domain 
inhibits binding of VEGF-C to the VEGFR3 via steric interference. Situation 2: Upon proteolytic cleavage of FL-
CTGF, only the C-terminal part of CTGF binds VEGF-C and N-terminal steric interference is no longer present. 
B: Full-length CTGF (FL-CTGF) promotes vascular endothelial growth factor-C (VEGF-C) production in renal 
tubular epithelial cells. FL-CTGF binds to VEGF-C, and suppresses VEGF-C-induced lymphangiogenesis. NH2-
terminal fragment and COOH-terminal fragment of CTGF have no influence on VEGF-C function. CTGF knockdown 
suppresses VEGF-C expression and lymphangiogenesis in the unilateral ureteral obstruction (UUO) model.
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With respect to by which mechanisms CTGF might modulate lymphangiogenic activity of VEGF-C, 
we observed direct binding of FL-CTGF to VEGF-C, and suppression of VEGF-C-induced lymphatic 
endothelial cell growth in FL-CTGF co-stimulated cultures. In vivo as well as in vitro, CTGF is readily 
cleaved by proteolysis of its hinge region, leading to dissociation of a C- and an N-terminal CTGF 
fragment (CTGF-N and CTGF-C). In our SPR analysis, the CTGF-N did not bind to VEGF-C at 
all, but the CTGF-C bound VEGF-C with similar affinity as FL-CTGF. Unlike FL-CTGF, however, 
CTGF-C did not suppress in vitro lymphatic capillary tube formation endothelial. This is suggests that 
FL-CTGF binds to VEGF-C through its C-terminal part, and that inhibition of VEGF-C activity is 
due to steric interference by the other, N-terminal half of the FL- CTGF molecule, e.g. with VEGF-C 
binding to VEGFR3. Thus, upon proteolytic cleavage of the CTGF hinge region, C-terminal CTGF 
can still bind or remain bound to VEGF-C, but the cleaved off N-terminal part can no longer inhibit 
VEGF-C interaction with VEGFR3 (Figure 7A).  Thus CTGF is required for VEGF-C expression, but 
also negatively influences VEGF-C signaling via direct physical interaction. 
This would be similar to previous observations regarding CTGF interaction with VEGF-A. It has been 
shown that FL-CTGF can bind to VEGF-A, and inhibit VEGF-A-induced angiogenesis in vitro and 
in vivo (26, 38). Some matrix metalloproteinases can cleave FL-CTGF in complex with VEGF-A 
into N-CTGF and C-CTGF, upon which the two CTGF fragments dissociate, thereby releasing the 
angiogenic activity of VEGF-A that was inhibited while bound to FL-CTGF (25, 39). All VEGF 
members share a VEGF homology domain (40), and possibly this domain is recognized by C-CTGF. 
Whether and how inhibition of lymphangiogenesis might reduce progression of fibrosis remains illusive. 
It has been speculated that lymphatic vessels not only drain inflammatory infiltrate but also maintain the 
immune response by producing lymphatic chemokines that attract inflammatory cells (9). Observations 
regarding effects of blocking lymphangiogenesis have been ambiguous. For instance, in a renal 
transplantation model, sirolimus inhibited lymphangiogenesis, which was associated with attenuated 
development of chronic kidney allograft injury (41). In contrast, VEGF-C treatment attenuated lung 
allograft rejection by inducing lymphangiogenesis, probably by facilitating clearance of detrimental 
hyaluronan from the lung allografts (8). During aspiration pneumonia increased lymphangiogenesis is 
observed, and treatment with VEGFR inhibitor or VEGFR-3 specific inhibitor improved inflammation 
and oxygen saturation (42). Blocking of lymphangiogenesis by soluble VEGFR-3 also improved 
ultrafiltration failure in a mouse peritoneal fibrosis model (43). Interestingly, Yazdani S et al. reported 
that specific blocking of lymphangiogenesis by anti-VEGFR-3 antibody did not prevent inflammation, 
interstitial fibrosis, and proteinuria in a rat model of proteinuric nephropathy (44). They also showed 
that macrophage depletion by clodronate liposomes did not prevent lymphangiogenesis in this model. 
This is in stark contrast to another report showing that treatment with clodronate liposomes markedly 
reduced the number of macrophages and lymphangiogenesis induced by UUO (14, 45). Thus the 
requirement for lymphangiogenesis and efficacy of therapeutic intervention varies depending on organ 
and etiology of disease, and further studies are needed to understand the role of renal lymphangiogenesis 
in a variety of kidney diseases.
	 In conclusion, near total silencing of CTGF expression suppressed fibrosis, and 
lymphangiogenesis in severe obstructive nephropathy, and CTGF promoted VEGF-C production 
in renal tubular cells with or without TGF-β treatment. FL-CTGF directly bound to VEGF-C, and 
suppressed VEGF-C-induced in vitro lymphatic capillary tube formation. However, the former VEGF-C 
expression inducing effect of CTGF is potentially more profound than the latter physical inhibition of 
VEGF-C signaling, since CTGF-/- OBK showed less lymphatic vessels compared to WT OBK (Figure 
7B). Thus, CTGF plays a significant role in renal lymphangiogenesis through the interaction with 
VEGF-C. Further clarification of the mechanism of lymphangiogenesis in kidney fibrosis might lead to 
additional interventional strategies to combat chronic kidney disease.
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Supplementary material

Supplementary Figure 1. Connective tissue 
growth factor knockout (CTGF-/-) mice showed 
a beneficial effect for maintaining body weight 
during 14-days unilateral ureteral obstruction 
(UUO) model. Percentage of mouse body weight 
14 days after UUO is shown. CTGF-/- mice 
(97.9±2.6 %) showed a beneficial effect for 
maintaining body weight during an experimental 
period compared with wild-type (WT) mice 
(93.2±2.5 %). Date are means ± s.e. (N = 5 for 
WT mice and N = 9 for CTGF-/- mice).  **P < 
0.01.

Supplementary Figure 2. Connective tissue 
growth factor short-interfering RNA (CTGF 
siRNA) suppressed plasminogen activator 
inhibitor-1 (PAI-1) messenger RNA (mRNA) 
expression in cultured human renal proximal 
tubular epithelial cells (HK-2) treated with 
transforming growth factor-b1 (TGF-β1). HK-2 
cells were transfected with CTGF siRNA and 
treated with TGF-β1. Non-targeting siRNA was 
used as a control siRNA. PAI-1 mRNA expression 
was determined by quantitative real-time PCR. 
Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as an internal control. PAI-
1 mRNA expression was significantly increased 
by TGF-β1 treatment after 8 h incubation. TGF-
β1-induced PAI-1 mRNA upregulation was 
significantly suppressed by CTGF siRNA. Date 
are means ± s.e. (N = 4). *P < 0.05, ***P < 0.001, 
n.s.: not significant.
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Abstract

Age is associated with an increased prevalence of chronic kidney disease (CKD), which, through 
progressive tissue damage and fibrosis, ultimately leads to loss of kidney function. Although much 
effort is put into studying CKD development experimentally, age has rarely been taken into account. 
Therefore, we investigated the effect of age on the development of renal tissue damage and fibrosis 
in a mouse model of obstructive nephropathy (i.e. unilateral ureter obstruction; UUO). We observed 
that after 14 days, obstructed kidneys of old mice had more tubulointerstitial atrophic damage but 
less fibrosis than those of young mice. This was associated with reduced connective tissue growth 
factor (CTGF), and higher BMP6 expression and pSMAD1/5/8 signaling, while TGF-β expression and 
transcriptional activity were no different in obstructed kidneys of old and young mice. In vitro, CTGF 
bound to and inhibited BMP6 activity.
In summary, our data suggest that in obstructive nephropathy atrophy increases and fibrosis decreases 
with age, and that this relates to increased BMP signaling, most likely due to higher BMP6 and lower 
CTGF expression. 

Abbreviations: 
BMP (6/7)		  - Bone Morphogenetic Protein (family member 6 or 7)
CTGF			   - Connective Tissue Growth Factor
TGFβ			   - Transforming Growth Factor β
UUO			   - Unilateral Ureter Obstruction
CLK			   - Contralateral Kidney
OBK			   - Obstructed Kidney
CKD			   - Chronic Kidney Disease
KW			   - Kidney Weight
BW			   - Body Weight
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Introduction

Chronic kidney disease (CKD) primarily affects the aging population (11, 37, 42). Decline 
of kidney function with age might result from multifactorial changes in kidney physiology 

primarily due to “senescence” itself, and a more adverse response to injury (1, 5, 22, 43, 45, 47). 
As such, it has been proposed that the aging kidney increasingly accumulates extracellular matrix, 
leading to glomerulosclerosis and interstitial fibrosis (1, 25) and ultimately to loss of renal mass and 
reduced glomerular and tubular function (17, 51). Parameters such as diabetes, vitamin D deficiency, 
alterations in Renin Angiotensin and Aldosteron (RAAS) signaling, oxidative stress by reactive oxygen 
species (ROS) production and advanced glycation end (AGE) products are thought to underlie these 
morphological and functional changes of the kidney parenchyma (8).  Furthermore, the age associated 
gradual decline in Klotho, a transmembrane FGF23 co-receptor expressed in the convoluted distal 
tubule under physiological condition renders kidneys more susceptible to injury, dysregulation of 
mineral homeostasis and fibrosis (28). 
In young mice, kidney response to injury is profoundly influenced by the Transforming Growth Factor 
β-superfamily  (TGF β), including TGFβ1, Bone Morphogenetic Protein 7 (BMP7), and BMP6 (14, 
35). Canonical signaling of the TGF β superfamily is accomplished via Activin like kinase (ALK) 
activation and subsequent downstream SMAD phosphorylation. Activation of ALK4, 5 or 7 by TGFβ 
leads to fibrosis associated SMAD2/3 phosphorylation. ALK1-3 or 6 activation by BMP’s leads to 
renoprotection associated SMAD1/5/8 phosphorylation (10). Under specific conditions, TGFβ has been 
shown to activate ALK1 (36). Upon injury, TGFβ levels rise and BMP levels drop rapidly (34). The 
shift in these factors is regarded as major early event in ensuing tissue damage with subsequent fibrosis 
following injury.
Connective Tissue Growth Factor is another immediate early factor shown to greatly influence the 
response to kidney injury. CTGF is a matricellular protein involved in various fibrosis associated 
phenomena such as extracellular matrix production, proliferation and myofibroblast differentiation 
(19). Although no exclusive CTGF receptor has been identified, CTGF has been known to interact with 
TGFβ and BMP7 thereby modulating signaling in favor of pro-fibrotic TGFβ whilst inhibiting BMP7 
signaling (2, 35). As such, TGFβ, BMP6 and 7, and CTGF are regarded as major factors influencing the 
renal response to injury. The age associated production of reaction oxygen species (ROS) is related to 
increased levels of pro-fibrotic growth factors (41), but  little is known about the impact of aging on the 
regulation of these factors in the kidney. It has been reported that pro-fibrotic TGFβ signaling generally 
increases with age, which might at least in part be due to the gradual decline of Klotho (15).
The effect of ageing on renal CTGF expression is largely unknown, but CTGF/CCN2 was found to be 
reduced in aged skin in association with loss of collagen (39).  Interestingly, conditional overexpression 
of CTGF prevented age-related degenerative changes in epiphyseal cartilage of rats (27). In contrast, 
ageing is associated with increased cardiac CTGF expression in mice (40, 48), suggesting that age 
related differential expression of CTGF is context dependent.
Reports on age-associated changes in expression and signaling of the (anti-fibrotic) BMPs are scarce, 
but it has been noted that BMP7 expression declines in aging cartilage (3), while increased expression 
of BMP6 was found in Alzheimer brains (12), and early aging in Klotho-deficient mice was associated 
with increased BMP-signaling and vascular calcification (23). To the best of our knowledge, there are 
no previous data on age-related changes in renal BMP expression and signaling. Based on our find in 
the current study, we hypothesize that old and young kidneys respond differently to injury in association 
with differential TGFβ/BMP/CTGF signaling.
Unilateral Ureter Obstruction (UUO) is a commonly used model of renal injury characterized by 
inflammation, extensive morphological damage and fibrosis (7, 29). Upon obstruction, the quick rise in 
TGFβ levels and subsequent phosphorylation of SMAD2/3 and PAI1 upregulation are regarded as key 
events ultimately leading to fibrosis (26, 44). We studied morphological damage and fibrosis following 
14 days of UUO and observed a shift from a largely fibrotic phenotype in young, to a more atrophic 
phenotype of tubulointerstitial damage in old kidneys, although BMP7 and TGFβ were not different. 
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This phenotypic shift might derive from a synergistic effect of the observed decrease of CTGF and 
increase of BMP6, even more so since we noted in vitro that CTGF directly binds to BMP6 and inhibits 
its signaling activity.  Together these findings provide further understanding of the age associated 
response to injury, and might help to identify better diagnostic methods and therapeutic interventions 
in the aging population. 
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Materials and Methods

Animals
Two groups of C57Bl6/J mice (16 week old (n=6; Young) and 50 week old (n=6; Old)) were housed 
under standard conditions and subjected to UUO. Under general isoflurane anesthesia the left ureter 
was ligated with silk suture through the left flank, after which the wound was closed and stitched. One 
young and one old mouse deteriorated in condition rapidly after surgery and both were sacrificed within 
a week. These mice were excluded from further analysis. After 13 days the remaining mice were housed 
in metabolic cages for 16 hours for urine collection. At day 14 they were killed and organs and plasma 
were collected for analysis.   Animal experiments were carried out with approval of the Experimental 
Animal Ethics Committee of the University of Utrecht conform Dutch law.

Immunohistochemistry
Fresh kidney tissue was fixed in buffered 4% paraformaldehyde solution and embedded in paraffin. 
3µm sections were cut, embedded on object slides and incubated in a stove at 60°C for 16 hours. 
Sections were deparaffinised and rehydrated in xylene, 100% & 70% ethanol respectively, after which 
the sections were rinsed in de-mineralized water. 
Periodic acid Schiff and Masson-trichrome staining was performed using standard procedures. For 
quantification of morphological damage, 10 arbitrary cortical fields per kidney were scored in PAS-
stained sections with regards to atrophy and dilatation (0=<1%, 1=1-25%, 2=25-50%, 3=50-75%, 
4=75-100%). 
For immunohistochemistry, antigen retrieval consisted of 20 minute boiling in either citrate buffer 
(pH=6), EDTA buffer (pH=9) or 10 minute pepsin digestion depending upon primary antibody. Slides 
were incubated with the following antibodies: αSMA (EDTA, 1:200, Abcam, Cambridge, UK), CTGF 
(Citrate, 1:200, Santa-Cruz Biotechnology, Santa Cruz, CA), pSMAD2/3 (Pepsin, 1:400, Santa-Cruz 
Biotech.), or pSMAD1/5/8 (Citrate, 1:50, Cell signaling tech., Danvers, MA). To determine positive 
area percentages of Masson-trichrome and CTGF stained slides, 10 random fields per section were 
chosen and photographed. Using Photoshop (version 12.0) positive staining areas were selected and 
quantitated using ImageJ software (NIH, Baltimore, MD).

Hydroxyproline-, urea-, protein- and SA-β-Galactosidase assay. 
Hydroxyproline: Paraffin sections were analyzed for hydroxyproline levels as a measurement of 
collagen content using HPLC (18); proline ratio was taken as a measure of relative abundance of 
collagen. Plasma urea: Plasma urea levels were measured by colorimetric assay using standard 
procedures (DiaSys, Holzheim, Germany). Urinary protein: Urinary protein was measured by BCA 
assay (BioRad, Hercules, CA). Senescence Associated-β-Galactosidase: SA-β-gal activity was detected 
as described (13).

Western blot
Snap frozen renal cortex was homogenized and lysed using NP-40 lysis buffer containing Na-
Orthovanadate, Na-Fluoride and complete protease inhibitor cocktail. Lysates were spun down and 
pellets were discarded. Total protein concentration in the supernatant was measured using BCA (Pierce 
Thermo, Rockford, IL). 20ug of protein was boiled with Laemli/DTT and run for 90 minutes on 10% 
SDS-PAGE gels (BioRad). Gels were subsequently blotted for 90 minutes on PVDF membrane using 
a wet blotting transfer system (BioRad). For p-Smad1/5/8 analysis membranes were incubated with 
primary antibody (pSMAD1/5/8, 1:2000, CST; SMAD1/5/8, 1:1000, Santa-Cruz) in TBS-Tween 
containing 3%BSA overnight. After thorough rinsing membranes were incubated with secondary 
HRP conjugated antibody and imaged using chemiluminescence substrate (GE healthcare lifescience, 
Buckinghamshire, UK). 
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RT-qPCR
RNA was isolated from both tissue homogenate and cell cultures using TRIzol (Life technologies, 
Carlsbad, CA).  RNA was reversely transcribed to cDNA using standard procedures. Expression of 
target genes was determined using commercially available pre-designed TaqMan probes (Bmp6, 
Mm00432095_m1; Bmp7, Mm00432102_m1; Col1α2, Mm00483888_m1; Ctgf, Mm00515790_g1; 
Hsp47, Mm00438058_g1; Klotho, Mm00502002_m1; Pai1, Mm00435860_m1; Tgfβ1, Mm01178820_
m1; Id1: Mm00775963_g1; Tbp: Mm01277042_m1; Thermo Fisher, Waltham, MA). Samples were 
run on a Lightcycler 480 (Roche, Basel, Switzerland) and relative expression was determined by the 
ΔΔCT method. Application of GeNorm identified TATA box binding protein (tbp) as the most stable 
reference gene (out of gapdh, yhwaz, actb and tbp). 

Solid-phase BMP6/CTGF binding assay
Microtiter plates were coated with fixed concentration of 200ng/ml full length rhCTGF (BioVendor, 
Modrice, Czech republic) at 4°C overnight. Plates were rinsed and blocked with 1% BSA for 2h. After 
rinsing, a range of 0-1000ng/ml rhBMP6 (R&D Systems) was added. Bound BMP6 was detected by 
using a BMP6 antibody (Santa Cruz). 

Cell culture
HK-2 cells were maintained in DMEM (Gibco/Thermo, Waltham, MA) with 10% FCS, penicillin and 
streptomycin in humidified air with 5% CO2 at 37 °C. HK-2 cells were plated at a density of 1 × 105 
cells in 6-well plates. Cells were serum starved for 24 hours and subsequently incubated with serum-
free medium alone, 50 ng/ml rhBMP-6 (R&D Systems, Minneapolis, MN) with or without 400 ng/ml 
rhCTGF. Cells were harvested after 1 h for Western blot analysis and after 2 h for quantitative PCR.

Statistics
Data was analyzed using GraphPad Prism version 6.02 (Graphpad software inc., La Jolla, CA). All data 
was statistically tested with Student-T test for two groups, or two-way ANOVA followed by  post-hoc 
Tukey correction for multiple testing when more groups were compared, unless stated otherwise. p< 
0.05 was considered statistically significant.  Error bars represent SEM.
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Results

General characteristics
To investigate potential age related differential responses to injury, we performed UUO in both groups 
for 14 days. Post UUO, kidney weight loss, diuresis, plasma urea and proteinuria were similar at both 
ages (data not shown). However, old mice lost more body weight compared to young mice (Figure 1A). 
Old contralateral kidneys (50 weeks) showed sporadic senescence associated-β-Galactosidase activity 
whereas this was not detected in any of sections from kidneys of young mice (16 weeks) (data not 
shown). Glomerulosclerosis, a phenomenon associated with ageing, was not seen in old CLKs (Figure 
1B). 

Ureteral ligation induces a more severe morphological phenotype in aged kidneys
To assess the extent of injury, dilatation and atrophy (two hallmarks of UUO induced renal damage) 
were scored. Morphological interstitial damage after obstruction was more severe in old Obstructed 
Kidneys (OBK), as exemplified by higher kidney tubular morphological damage scores for dilatation 
and atrophy in old OBKs compared to young OBKs (Figure 1B and 1C). 

Development of fibrosis is reduced in aged kidneys 
Since fibrosis is a second major phenomenon occurring during UUO mediated renal injury, we studied 
the level of ECM deposition and associated myofibroblast accumulation in obstructed kidney of both 
age groups.  Quantification of Masson Trichrome (MTC) staining, a staining for fibrillary collagen, 
showed a reduced area positivity (%) in old OBKs compared to young OBKs (Figure 2A). An increase 
in MTC positive surface area in young OBKs was observed, whereas no significant increase was seen 
in old OBKs compared to CLKs (Figure 2B). Furthermore, myofibroblast numbers as assessed by α 
Smooth Muscle Actin (αSMA) were also lower in old OBKs compared to young OBKs (Figure 2A 
lower panels B&C). No difference was observed in CLKs (data not shown). Old OBKs show a reduced 

Figure 1: Unilateral Ureter Obstruction (UUO) causes more morphological damage in old kidneys. A. Total bodyweight 
(BW) prior to UUO (Start) and after sacrifice (End). B: Representative micrographs of PAS stained slides of contralateral 
kidney (CLK) and obstructed kidney (OBK) in both age groups (200x). C: Quantification of microscopically observed 
atrophy and dilatation observed; Error bars represent SEM; **p<0.01, ***p<0.005. Statistics used in A: two-way 
ANOVA with Sidak correction for multiple comparison, C&E: non-paired two-way ANOVA with Tukey correction.
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Col1α2 up regulation compared to young OBKs (Figure 2D). Correspondingly, a significant increase 
in the message for collagen chaperone Hsp47 was seen in young kidneys upon obstruction whereas 
this was not observed in old obstructed kidneys (Figure 2E).  Hydroxyproline levels were higher in 
old CLKs compared to young CLKs, but were similar in OBKs of both age groups (Figure 2F). Fold 
increase (OBK/CLK) of hydroxyproline was reduced in old compared to young kidneys (Figure 2 F; 
right panel). Taken together this suggests a decreased de novo synthesis of collagen in old compared to 
young kidneys upon ureteral obstruction.

Age is associated with an altered pro-fibrotic/regenerative balance
To gain insight in potential underlying differences in pro-fibrotic signaling resulting in the altered 
phenotype, we studied several important known mediators of ageing or fibrosis.  For assessment of 
pro-regenerative gene expression, we investigated Klotho, Bmp6 and Bmp7 mRNA expression levels 
(Figure 3 A-C).  The renoprotective factor Klotho is strongly associated with aging, and interacts with 
the TGFβ pathway during fibrogenesis in the kidney (4, 31, 50). Despite the 38 week age difference, 
Klotho expression was not differentially regulated in unobstructed CLKs of 50 week and 12 week old 
mice (Figure 3A). Also, Klotho was similarly down regulated in OBKs of both age groups, and no 
significant change in Klotho expression was observed between old and young OBKs (Figure 3A). In 
young mice, obstructed kidneys had significantly reduced gene expression levels of Bmp6 and Bmp7 
(Figure 3B&C). In old and young OBKs, Bmp7 expression was similarly suppressed (Figure 3B). 
However, unlike young OBKs, old OBKS showed no reduction of Bmp6 expression (Figure 3C). 

Figure 2: Old kidneys show less ECM deposition upon UUO.  A: Representative micrographs of Masson-Trichrome 
(MTC) and αSMA stained kidneys of both age groups (200x); B. Morphometric quantification of fibrosis as seen 
with MTC staining. C: Morphometric quantification of myofibroblasts as seen with αSMA staining. D: Col1α2 
expression levels in CLK and OBK; E: Hsp47 expression levels in CLK and in OBKs. F: Hydroxyproline/proline 
ratio; Error bars represent SEM; * p<0.05, ***p<0.005. Statistics used in B-D: non-paired two-way ANOVA with 
Tukey correction. 
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The increase of TGFβ1 as a key pro-fibrotic regulator, and PAI-1 as important downstream mediator of 
TGFβ1 in kidney fibrosis (24), were not different in old and young OBKs (P=0.96, P=0.36 respectively; 
Figure 3D&E). To further evaluate downstream signaling of TGFβ1 we performed pSMAD2/3 IHC 
on kidney cortex. However, the number of cortical cells showing TGFβ associated nuclear SMAD2/3 
phosphorylation was not significantly different between old and young OBKs (P=0.95; Data not 
shown). CTGF greatly influences the fibrotic/regenerative balance by positively modulating TGFβ and 
negatively modulating BMP signaling, and is commonly regarded as pro-fibrotic (2, 35). In CLKs, Ctgf 
mRNA expression levels were identical in old and young mice (Figure 3F). In OBKs mean Ctgf gene 
expression tended to be higher in young OBK as compared to old OBK, and compared to young CLK 
(P=0.07); the mean increase vs. age-matched CLK was 7 fold in young OBKs, compared to 3.5 fold 
in old OBKs (Figure 3F). This increase was significant in young OBKs but not in old OBKs (p=0.013 
vs 0.54 respectively). Furthermore, CTGF IHC showed a decrease in CTGF positive area both in CLK 
and OBK old kidneys compared to CLK and OBK young kidneys respectively (Figure 3G&H: P<0.05), 
while the increase in OBK compared to CLK was significant only in young mice. Signal loss occurred 
mainly in cortical tubules. Bmp6/Ctgf ratio’s in individual OBKs was significantly higher in old than in 
young OBKs (12.1 SEM 2.6 vs 4.1 SEM 0.4; p<0.05).

Figure 3: CTGF/BMP6 ratio 
is altered prior to differential 
Klotho or TGFβ regulation in 
old obstructed kidneys.  A: 
Klotho expression levels in CLK 
and OBK of both age groups; 
B: TGFβ expression levels in 
CLK and OBK kidneys; C: 
Pai1 expression levels in CLK 
and OBK kidneys; D: Bmp7 
expression levels in CLK and 
OBK; E: Bmp6 expression 
levels in CLK and OBK. F: Ctgf 

expression levels in CLK and OBK. G: Representative micrographs 
of CTGF stained slides of CLK and OBK (200x). H: Morphometric 

quantification of CTGF positive staining area. Arrowheads indicate positive 
tubular staining; Error bars represent SEM; * p<0.05, **p<0.01, ***p<0.005. 
Statistics used A-F & H: non-paired two-way ANOVA with Tukey correction.
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Canonical BMP signaling is better preserved in cortical tubular epithelium of old mice
Given the increased BMP6/CTGF ratio, we next studied whether this resulted in an increase in 
canonical BMP signaling. In old OBKs, pSMAD1/5/8 signal was better preserved compared to young 
OBKs (Figure 4A & 4B). Immunostaining for pSMAD1/5/8 shows that glomerular and interstitial 
pSMAD1/5/8 is similar in young and old OBKs (Figure 4C & 4D). However, preservation of 
pSMAD1/5/8 signal occurred in the tubuli.

Figure 4: Tubular pSMAD1/5/8 signaling is 
preserved in old OBKs. A: Western blot of 
OBK cortical lysates showing pSMAD1/5/8 
and SMAD1/5/8 levels band intensity. B: 
pSMAD1/5/8 band intensity quantification 
corrected for total SMAD1/5/8 levels. C: 
Representative micrographs of pSMAD1/5/8 

OBKs (200x magnified). Arrowheads indicate pSMAD1/5/8 positive tubular cells. D: Quantification of the number 
of cortical pSMAD158 positive nuclei in glomerular, tubular and interstitial cells; Error bars represent SEM; * 
p<0.05, **p<0.01, ***p<0.005. Statistics used A&C: non-paired two-way ANOVA with Tukey correction, E: 
Student-T test. 

A B
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CTGF binds BMP6 and inhibits canonical downstream signaling
CTGF inhibits canonical BMP7 signaling in proximal tubular (HK-2) cells via direct interaction (35). 
Whether CTGF holds similar potential with regards to BMP6 is unknown.  By solid phase assay we 
observed concentration dependent binding of rhBMP6 in rhCTGF coated microtiter plates (Figure 5A). 
Stimulating HK-2 cells with rhBMP6 increased downstream transcriptional Id1 expression significantly 
(p<0.05) (Figure 5B). When co-stimulating HK-2 cells with rhBMP6 and rhCTGF however, this 
increase was significantly less profound (Figure 5B). Consistently, Western blot analysis showed 
increased SMAD1/5/8 phosphorylation upon rhBMP6 stimulation, which was less profound when 

rhBMP6 was pre-incubated with 
rhCTGF prior to stimulation (Figure 
5C). Thus, in vivo the increased 
BMP6 expression and associated 
SMAD1/5/8 phosphorylation might 
be further complemented by reduced 
physical inhibition by CTGF. 

Figure 5: CTGF binds BMP6 and inhibits canonical BMP 
signaling  A: Absorbance levels of CTGF/BMP6 solid 
phase assay. B: Western blot of HK-2 cell lysate 1 hour after 
stimulation with rhBMP6 and/or rhCTGF. Upper panel 
pSMAD1/5/8, Lower panel SMAD1/5/8. C: Id1 expression 
levels of HK-2 cells stimulated with rhBMP6 and/or rhCTGF; 
Error bars represent SEM; * p<0.05, **p<0.01, ***p<0.005.  
Statistics: non-paired two-way ANOVA with Tukey correction.

A

C

B
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Discussion

In this study, we revealed an age related differential response to persistent renal injury. We show that 
age-associated changes in the fibrotic response to kidney injury, occur already prior to the appearance 

of typical senescence markers like SA-β-Gal activity, Klotho loss, and spontaneous glomerulosclerosis. 
In particular, increased morphological damage and a reduced fibrotic response were observed in 1-year-
old mice without alteration of canonical TGFβ transcriptional activity. Instead, a decrease of CTGF and 
increase of BMP6 expression was found, associated with increased downstream pSMAD1/5/8 activity 
in cortical tubules, which might at least in part explain the observed reduced fibrogenesis to kidney 
injury in aging. 
	 In human diagnostics and experimental animal research interstitial fibrosis and tubular atrophy 
(IFTA) is often assessed together and thought to “go hand in hand” (21). We show that following injury 
in the aged kidney, the proportion of fibrosis and atrophy can be shifted in favour of atrophy suggesting 
ramifications for clinical assessment of IFTA in the ageing kidney. Previously, it has been shown that 
renal damage in response to Ischemia Reperfusion Injury (IRI), in terms of GFR loss, morphological 
injury, and fibrosis, is increased in ageing (9, 46). Inverse correlations have been reported previously 
(38). Age-related acceleration of progressive kidney senescence and CKD development, after the initial 
acute injury has subsided, is becoming a widely recognized phenomenon, and considered to be due 
to decrease of reparative capacity (20). It remains to be established whether, in addition to decreased 
regenerative capacity, also the observed “weaker” but possibly more persistent fibrotic renal response 
to injury might be involved in more progressive loss of function upon transient injury in old kidneys. 
	 The kidney is a major contributor to Klotho production and Klotho loss is strongly associated 
with ageing and the renal response to damage (6, 16, 30, 31, 33). Klotho is an important inhibitor of 
TGFβ, one of the most important mediators of fibrotic renal response to damage and ageing (34, 43). 
However, we found that at the age of 50 weeks Klotho and Tgfβ expression were not yet affected by 
ageing but diminished and increased, respectively, to a similar extent in young obstructed kidneys. 
Thus the observed differential renal damage response occurred prior to the well-established changes of 
baseline Klotho and TGFβ expression at a more advanced age. 
Interestingly, expression of the well-established anti-fibrotic and pro-regenerative BMP7-gene was also 
not different in old as compared to young OBKs, but the older OBKs had an increased BMP6/CTGF 
ratio, resulting from retained BMP6 expression and suppressed CTGF expression. The finding that 
preserved Bmp6 expression in old OBK was associated with less fibrosis is congruent with our previous 
observation that loss of BMP6, together with the ensuing overexpression of CTGF, aggravated renal 
fibrosis and myofibroblast (αSMA) accumulation (14). This study by Dendooven et al. also  showed that 
the level of tubular dilatation was unaltered suggesting BMP6 to be unrelated to dilatation. We propose 
that direct BMP6-effects might mainly attenuate fibrosis, while the other morphological differences 
observed might be secondary to this.
In our experiment, the increased BMP6 expression might at least partially account for the 50% reduction 
of CTGF in old OBK. Figure 5 shows that CTGF directly interacts with BMP6 and as such inhibits 
canonical signaling. Since old OBKs show less CTGF but more BMP6 expression, this increased 
BMP6/CTGF ratio might underlie the found pSMAD158 increase in cortical tubules, especially since 
we have an indication that the inhibitory effects of CTGF on pSMAD158 might be due to direct physical 
interaction with BMP6.
	 In the cortex, mainly distal tubules and collecting ducts display canonical BMP signaling, and 
it has been noted previously that upon UUO, signaling decreases (32). The phenomenon of epithelial to 
mesenchymal transition (EMT) is a large contributor to the development of renal fibrosis (49). Possibly 
the increase in tubular pSMAD1/5/8 seen in figure 4 reflects reduced EMT rate underlying the reduction 
in fibrosis. 
Previously, we reported that a 50% reduction of CTGF as such is not sufficient to hamper the 
phenotype observed in 14 day UUO and other severe models of CKD (18). In conjunction with the 
present observations this might suggest that, at least in the UUO model, BMP6/CTGF balance is more 
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important for fibrosis control than the absolute CTGF level.
One might speculate that, in conjunction with less pronounced fibrosis, increase of morphological 
damage in terms of atrophy and dilatation in old OBKs, might result from less fibrogenic growth factor 
activity, with the resulting reduction of matrix deposition hampering generation of sufficient structural 
support to withstand increased pressure developing upon obstruction. As previously mentioned, there 
are many factors playing a role in the process of renal aging. However, the production of pro-fibrotic 
cytokines is a common end point (e.g. TGFβ). Since there is no differential regulation of TGFβ or 
downstream PAI1 expression, the observed effects might have different drivers than the usual suspects 
of aging. 
In conclusion, our studies have revealed an age-dependent shift in renal response to injury, developing a 
more atrophic and less fibrotic phenotype. This change is associated with altered BMP6/CTGF balance 
and already occurs before mice have lived through half of their life span and before the appearance 
of classical signs of senescence namely spontaneous loss of Klotho, increase in TGFβ expression and 
SA-β-Gal. Figure 6 depicts a proposed mechanism distilled from the observations presented in this 
manuscript. While most experimental studies addressing CKD have been performed in young rodents, 
these might not appropriately reflect renal response to injury in ageing patients. This should be taken 
into account when interpreting existing and designing future studies addressing CKD progression in 
the ageing population.  
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Figure 6: Proposed model for age associated change in the response to renal injury In the aged kidneys 
there is an increased expression of BMP6 that in itself is capable of reducing CTGF expression. Both 
the increase of BMP6 and the reduction of CTGF lead to increased levels of pSMAD1/5/8 (partially 
due to loss of physical binding to and inhibition of BMP6 by CTGF). The increase in pSMAD1/5/8 
leads to reduced fibrosis, possibly via inhibition of EMT.
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In the previous chapters of this thesis several modifiers of the renal response to injury were explored. 
Special attention was given to CTGF mediated modulation of renal pathophysiological responses. In 

this summarizing discussion, first the clinical concerns and caveats regarding Chronic Kidney Disease 
(CKD) care are defined. This is followed by a summarization of the means studied in this thesis to 
identify and combat CKD in the patient at risk. The third section of this final chapter aims to integrate 
findings thus comprising a concise perspective to base further research on.

Identifying patients at risk
CKD has several underlying aetiologies including but not limited to cardiovascular and hypertensive 
disease, diabetes, polycystic kidney disease, obstructive nephropathy, vasculitis, or intrinsic glomerular/
tubulointerstitial disease. Furthermore, in recent years it has become clear that Acute Kidney Injury 
(AKI) predisposes to and is a major cause of CKD and associated renal fibrosis later in life (1, 2). After 
acute kidney injury, two outcomes may present themselves; 1) complete remission of AKI accompanied 
by regeneration of the kidney parenchyma, or 2) development of CKD over time. Subsequently, CKD 
can 1) stabilize or regress, although this is very rare, 2) progress towards end stage renal disease (ESRD) 
requiring renal replacement therapy, or 3) cause death mainly due to cardiovascular complications 
prior to ESRD (3). As such, CKD development can be regarded as a pre-final distinctive end-point 
that requires successful intervention to prevent renal replacement therapy dependency. A logical 
starting point is to identify which patients will recover, will remain stable, or will develop CKD and 
require intensive follow up after AKI (4). In Chapter 2, we showed in patients with delayed graft 
function (DGF, a form of AKI) 7 days after renal transplantation, that a novel histological damage 
score predicts the speed of recovery, and the quality of kidney function 6 months later. By developing 
this reproducible histological scoring system we eventually hope to broaden the clinicians arsenal in 
determining the prognosis and, if prognosis is poor, the means to identify patients who need (more 
intensive or modified) treatment. Since our patient cohort was selected for the exploratory nature of this 
paper, actual clinical value of our scoring method still has to be evaluated in a larger cohort including 
biopsies of AKI cases with a wider range of underlying aetiologies. Furthermore, we were unable to 
see a clear association between proliferative markers CD133 or Ki67 and the duration and level of 
restoration after transplantation induced AKI and associated DGF. This signifies the complexity of the 
balance between damage and regeneration, a relationship potentially further complicated by cell cycle 
arrest (5). Additionally, Chapter 3 shows that plasma CTGF levels (pCTGF) predict cardiovascular 
morbidity and mortality after patients presented themselves initially with cardiovascular disease. 
pCTGF levels were, after correction for a variety of possible confounding variables such as renal 
function, co-morbidities and medication, independent predictors. 

Novel tools to combat renal disease in the patient at risk
After identifying patients at risk, the greatest challenge in combating CKD is to find ways to prevent or 
reverse its progression, and to facilitate regeneration of functional kidney parenchyma. 
As discussed in Chapter 4, the myofibroblast holds a central role in fibrosis and is a prime target in 
combating CKD. The myofibroblast is scarcely present under physiological conditions and much effort 
has been undertaken to understand its origin. Current understanding with regards to myofibroblast 
origin is reviewed in this chapter. From the reviewed literature, we conclude that most likely renal 
interstitial fibroblasts, as well as bone marrow derived cells, endothelial cells, and pericytes can all 
contribute to myofibroblasts accumulating in CKD. Furthermore, a broad array of interventional 
strategies, including nanomedicine and targeted therapies, is currently under development to target 
these cell types specifically, and is also discussed. As an example of these developments, 
Chapter 5 shows conceptual proof that the use of a local surgical deposit of rapamycin loaded 
microspheres reduces infiltration and myofibroblast accumulation for up to 8 days, without the systemic 
side effects seen with intraperitoneal administration.  
	 Chapter 6 shows that in female mice Tamoxifen, a selective estrogen receptor modulator 
(SERM) often used in experimental animal models to induce Cre mediated genetic recombination, 
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exerts anti-fibrotic properties by itself when administered up to two weeks prior to ureteral ligation 
for the induction of obstructive nephropathy (UUO). Applying a commonly used Tamoxifen injection 
regimen we found that despite the built in 14 day washout period, female mice had a reduced level of 
myofibroblast accumulation and associated fibrosis after unilateral ureter obstruction.	
 In the study presented in Chapter 7, it is shown that rhBMP7 is capable of reducing renal 
damage, myofibroblast accumulation, early fibrotic development and macrophage infiltration during 
obstructive nephropathy. This was associated with a decrease in CTGF expression, but not with evident 
changes in transcriptional activity downstream of canonical BMP signalling, nor with changes in TGFβ. 
To test whether the reduction of CTGF contributed significantly to rhBMP7-mediated renoprotection, 
we repeated the experiment in heterozygous CTGF+/- mice. This revealed that rhBMP7 did not further 
reduce the severity of obstructive nephropathy in CTGF+/- mice, suggesting that rhBMP7 efficacy in 
wild type mice was mediated in large part by reduction of CTGF. 
	 CTGF is an immediate early gene increased from start to finish during renal disease (6), and 
plasma level of CTGF is an independent predictor of ESRD and mortality in diabetic nephropathy  (7). 
As described described in the Introduction and Chapter 8, a wide variety of CKD associated signals 
increase CTGF levels. Currently, PubMed holds 647 hits when “CTGF” and “Kidney” are cross-
referenced. Combined, these papers depict CTGF as an interwoven mediator of many pathophysiological 
phenomena known to occur during CKD, as was briefly noted in the introduction. 
Previous work, including chapter 6 has shown that an approximate CTGF reduction of 50% protects 
against fibrosis in mild models of fibrotic disease (8, 9). Whether this level of reduction is sufficient to 
reduce fibrosis in severe models of renal disease is unknown. Chapter 9 shows that this is not the case: 
in models of advanced diabetic nephropathy or unilateral ureter obstruction, and in severe aristolochic 
acid nephropathy, the ECM and myofibroblast accumulation, and also macrophage infiltration were 
similar in wild type and CTGF+/- mice. Furthermore, no difference in renal function was observed 
between CTGF+/- and wild type mice with DN or AAN.  
In addition to the previous chapter, we show in Chapter 10 that a near total reduction of CTGF is 
sufficient to reduce fibrosis in a severe model of unilateral ureter obstruction. Furthermore, we describe 
that lymphangiogenesis, a process associated with fibrotic development, was reduced in CTGF KO 
mice. This was associated with reduced VEGF-C levels. In vitro analysis revealed that CTGF stimulates 
VEGF-C production but also binds and inhibits VEGF-C mediated lymphangiogenesis. 
	 In Chapter 11 of this thesis, the differential response to injury in young and old mice is 
studied. We found that aged animals have increased morphological damage in response to UUO. 
However, a reduction in fibrosis was observed. This was associated with an increased ratio between 
reno-protective BMP6 and CTGF. Furthermore, we found that CTGF can bind BMP6 thereby inhibiting 
downstream signalling of the latter. Together these data suggest that upon ageing, the fibrotic response 
in the kidney upon ureteral obstruction is reduced in a CTGF dependent manner. 

Clinical Relevance and Future perspectives
Although several methods to predict CKD to ESRD progression have been developed (10), no effective 
method to accurately predict GFR in the context of CKD exists. The histological damage score we 
developed for patients suffering from post-transplantation DGF in chapter 2 correlates to eGFR 6 
months later (renal outcome). Our histological damage score potentially also holds predictive value 
for CKD prognosis of other aetiologies then AKI induced DGF. Surprisingly however, no correlation 
between proliferative (Ki67) or regenerative (CD133) parameters and renal outcome was seen. Of 
note is that a failure to complete a full cell cycle potentially leads to G2/M phase transition arrest. 
Additionally, G2/M arrest is a correlate to increased fibrosis in the kidney (5). Whether Ki67 or CD133+ 
cells are truly proliferative or a subset cells represent failed regeneration will have to be studied further. 
Possibly the balance of true proliferative cells and failed regeneration underlie the lack of correlation 
found in chapter 2. 
	 The relationship between plasma CTGF and the risk of cardiovascular events shown in 
chapter 3 corresponds nicely to the bulk of data that already exists with regards to CTGF and organ 

12



184

fibrosis. Atherosclerosis as seen during cardiovascular disease is a form of fibrosis that manifests in 
arteries (11). Since CTGF is increased in almost every variant of fibrosis, it is thus not surprising that 
we find increased plasma CTGF levels in atherosclerosis. 
CKD predisposes to atherosclerosis (12). Given the high co-occurrence of hypertension, cardiovascular 
and renal disease (13), and relation between cardiovascular disease and CKD progression (14), it not 
surprising that pCTGF corresponds to severity of CKD. For instance, pCTGF levels are independent 
predictors of mortality in patients suffering from type 1 diabetic nephropathy (7). This makes the 
observation that, despite cardiovascular risk being strongly correlated to CKD, pCTGF levels being an 
independent predictor of eGFR even more striking. 
	 Since we live in a time and age where huge steps are made both technologically and with 
regards to bioinformatics, it is not surprising that mathematical models to predict the progression of 
CKD are currently being developed (15). However, computer models need input and input is delivered 
by biometric information. Plasma CTGF levels and, once validated in a larger cohort, our histological 
damage score might prove to be important contributors to such computerized prediction models. 	  
	
Most of the therapeutics used in trials is administered systemically. Systemic treatment is prone to small 
therapeutic windows and thus efficacy due to side effects or toxicity. Since CKD can be regarded as a 
non-lethal slowly progressing disease, threshold levels for the acceptance of systemic side effects lie 
even higher. Targeted delivery systems are rapidly developed to bypass these effects and ample options 
are currently available in the kidney (16). We evaluated the feasibility of targeted subcapsular sustained 
Rapamycin release by injecting microspheres under the renal capsule during obstructive nephropathy in 
Chapter 5. Although suppressing myofibroblast proliferation and fibrosis, the effects were too restricted 
to the immediate vicinity of the deposit to be of any clinical use in current form with regards to human 
renal disease. However, the proof of principle that a local therapy using a sustained release device is 
feasible in vivo has been delivered, and as such further optimization of targeted therapies (potentially 
with other, more potent, anti-fibrotic agents; e.g. Tamoxifen as discussed in Chapter 6, or rhBMP7 as 
discussed in Chapter 7) would seem worthwhile. Of note is that Tamoxifen might have an even more 
profound fibrosis suppressing effect in females, a notion that emphasises that gender differences might 
need to be taken into account  when treating patients suffering from CKD.
	 The work presented in Chapter 10 shows a clear association between later stages of 
obstructive nephropathy and lymphangiogenesis. An interesting notion is that Rapamycin, next to 
being anti-inflammatory and pro-autophagy, is also capable of reducing lymphangiogenesis (17). 
Whether lymphangiogenesis occurs during CKD in humans is largely unknown and warrants further 
investigation, especially given the availability of therapeutics targeting lymphangiogenesis such as 
Rapamycin. However, administration of Rapamycin during AKI has been shown to delay recovery (18), 
suggesting that care needs to be taken whom to treat and during what stage of disease. Alternatively, 
anti-CTGF therapy or anti-VEGF-C therapy might prove useful in combating both lymphangiogenesis 
and fibrosis, and anti-CTGF therapy may also be used to combat CKD progression. FG-3019, a human 
monoclonal antibody directed against CTGF, is the only anti-CTGF therapy in clinical trials, but 
currently, none of these address kidney disease. 
	 In experimental fibrosis research, the reversibility of fibrosis upon anti-CTGF treatment has 
been shown in models for diabetic cardiomyopathy and idiopathic pulmonary fibrosis (19). In human 
trials, long-term open label administration of anti-CTGF is well tolerated in patients suffering from 
IPF and shows that some patients have a reduction of fibrosis and a better FEV1 (20). A randomized 
placebo controlled trial is underway but preliminary results provide evidence that inhibition of 
CTGF bioavailability can halt or even reverse pulmonary fibrosis and improve pulmonary function 
(clinicaltrial.gov number NCT01890265). In a phase 1 trial conducted in patients suffering from diabetic 
nephropathy, anti-CTGF was well tolerated and reduced albuminuria (21). Trials using mesenchymal 
stem cells (MSCs) to treat AKI and CKD are currently being conducted but show varying results (22), 
and MSCs have been shown to incorporate as myofibroblasts in the kidney during disease. In light of 
this, much effort is being put into careful dissection of pathways determining MSC fate. CTGF has 
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been shown to drive MSC differentiation towards a myofibroblast phenotype, and as such MSC therapy 
might benefit from simultaneous anti-CTGF therapy (23).
	 In rats, contrary to what has been thought previously, it was shown that CTGF is produced 
at a continuous high rate but is rapidly cleared in the kidney. Furthermore, FG-3019 is rapidly cleared 
from the circulation by target mediated excretion (24). As such, high doses of continuous FG-3019 
might be required clinically to assure continuous CTGF inhibition. In Chapter 7, Chapter 9 and 
Chapter 10 respectively, we show that in the same model of renal disease (UUO), a 50% reduction of 
CTGF is sufficient to reduce renal damage and fibrosis for 7 days of obstruction, but not for 14 days. 
However, a near total reduction of CTGF (>90%) does sufficiently reduce fibrosis. Of note is that in the 
CTGF+/- mice, CTGF expression is still increased upon UUO compared to WT CLKs. In the CTGF 
full KO mice, CTGF expression levels upon UUO are still greatly reduced compared to WT CLKs. 
This provides precedent to suggest that there is a threshold level of CTGF reduction that needs to be 
reached depending upon the severity of disease. Clinically, it would thus seem attractive to initiate 
anti-CTGF therapy early. This could mean that anti-CTGF therapy needs to be initiated during early 
or mild manifestation of renal disease, and that a profound reduction of CTGF availability to near- or 
below normal levels is needed in advanced or severe disease. Furthermore, rapid clearing of anti-CTGF 
therapeutics might even further limit clinical efficacy. 
	 Since CKD is usually progressive, treatment would need to be given continuously. However, 
to what extent long-term inhibition of CTGF bioavailability might lead to off target effects remains 
unknown. Sparse evidence shows an inverse correlation between CTGF and CKD development (25). 
Additionally, observations in Chapter 11 suggest that an age-associated loss of CTGF underlies the 
altered renal phenotype upon UUO in older mice. Since these older mice showed more morphological 
damage and less fibrosis, one might reason that CTGF associated fibrosis during renal injury is not 
detrimental per se. Furthermore, in experimental cardiac disease, CTGF has been shown to protect 
against hypertrophy (26). This suggests that, although a recent study we conducted showed that CTGF 
KO neither protects nor worsens cardiac hypertrophy and fibrosis upon chronic pressure overload (27), 
care needs to be taken to assure that anti-CTGF therapy is absolutely safe. Reports showing that CTGF 
is pro-fibrotic and pro-hypertrophic during cardiac disease make definitive interpretation difficult 
(28, 29). Possibly, FG-3019 can be used in combination with available targeting strategies to assure 
a higher half-life and therapeutic efficacy, thereby circumventing potential adverse effects on cardiac 
co-morbidity often seen in patients suffering from CKD. Whether long term CTGF reduction leads to 
loss of extracellular matrix integrity needed for parenchymal stability remains to be investigated. 

Concluding remark
From the literature reviewed and work presented in this thesis, it becomes clear that the possible 
therapeutic arsenal to combat CKD is rapidly expanding. With the development of numerous 
biologicals, specific therapeutic antibodies and improved genetic, epigenetic and proteomic analytical 
methods, current practice in clinical oncology is shifting towards personalized cancer treatment 
(30). Cancer and fibrotic renal disease, although very different in aetiology, show many overlapping 
biological phenomena, especially with regards to stromal metabolism (e.g. altered cell-cell signaling, 
extracellular matrix metabolism and myofibroblast activation (31)). As such it is not surprising that 
many therapeutics developed for use in oncology might also be effective in renal pathology (32), and 
personalized renal therapy might be closer than we think. 
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Nederlandse samenvatting

(ook voor niet-ingewijden)

Introductie
Ouderdom komt met gebreken, helaas ook voor de nieren. Naarmate men ouder wordt ontstaat 
chronische nierschade. De combinatie van westerse levensstijl en een ouder wordende bevolking 
leidt er toe dat het aantal mensen met chronische nierschade sterk aan het toenemen is. In Nederland 
heeft ongeveer 7% van de bevolking chronische nierschade. Bij mensen met een leeftijd boven de 60 
jaar ligt dit percentage zelfs rond de 30%. Hiermee is chronische nierschade een groot en groeiend 
gezondheidsprobleem. 
Naast ouderdom zijn er vele andere oorzaken van chronische nierschade. Een aantal voorbeelden zijn 
suikerziekte (diabetes mellitus), langdurige hoge bloeddruk (hypertensie), maar ook andere complexe 
ziekten waarbij bijvoorbeeld het eigen afweersysteem schade in de nier veroorzaakt (soms na een 
infectie, soms zonder aanwijsbare oorzaak). 
Acute nierschade wordt gekenmerkt door een plotselinge en snelle verslechtering van de nierfunctie. 
Deze ontstaat bijvoorbeeld ten gevolge van het wegvallen van de doorbloeding van de nier (zoals 
bij niertransplantatie) of een urinewegobstructie. Ook wordt gebruik van voor de nier giftige stoffen 
zoals bepaalde medicijnen of voedingssupplementen vaak gezien als oorzaak van acute nierschade. Na 
acute nierschade herstelt de nier over het algemeen, waarop de nierfunctie weer normaliseert. Vroeger 
dacht men dat dit geen consequenties had voor de toekomst, maar de afgelopen jaren is duidelijk 
geworden dat het doormaken van acute nierschade een verhoogde kans geeft op het uiteindelijk krijgen 
van chronische nierschade. Samengevat krijgt iedereen, als je maar oud genoeg wordt, chronische 
nierschade maar er zijn situaties die er toe kunnen leiden dat dit al eerder gebeurt.  Het is dus van groot 
belang dat patiënten met een verhoogd risico op het ontwikkelen van chronische nierschade op tijd 
worden opgespoord.
	 Chronische nierschade wordt in de nier op weefselniveau vaak gekenmerkt door het ontstaan 
van littekenweefsel. Verlittekening in een orgaan wordt ook wel fibrose genoemd. Deze verlittekening 
kan in de nier op verschillende plaatsen ontstaan. Wanneer de verlittekening in het nierfiltertje, de 
glomerulus, onstaat noemt men dit glomerulosclerose. Als de verlittekening tussen het netwerk van 
buisjes waaruit de nier is opgebouwd ontstaat, noemt met dit interstitiële fibrose. Ten gevolge van 
deze verlittekening kan de nier niet goed meer functioneren waardoor afvalstoffen minder goed uit het 
lichaam worden gezuiverd. In vergevorderde stadia kan ook de balans van belangrijke lichaamszouten 
als natrium, kalium, calcium of fosfaat verstoord raken. Ten gevolge van deze verstoorde zoutbalans 
(met name door calcium en fosfaat) verkalken de bloedvaten in de rest van het lichaam en ontstaat een 
sterk verhoogd risico op hart en vaatziekten. Hieraan komen mensen met chronische nierziekte dan ook 
vaak te overlijden.
Het proces van deze verlittekening is complex en er zijn vele factoren bij betrokken. Over het algemeen 
begint de verlittekening na schade omdat er onder anderen signalerende eiwitten zoals groeifactoren en 
cytokinen aangemaakt worden. Deze eiwitten leiden tot infiltratie van ontstekingscellen (macrofagen 
en granulocyten) en later tot het ontstaan van zogenoemde myofibroblasten. Dit zijn gespecialiseerde 
cellen die grote hoeveelheden littekenweefsel aanmaken. De groeifactoren Transforming Growth Factor 
β (TGFβ; transformerende groei factor bèta) en Connective Tissue Growth Factor (CTGF; bindweefsel 
groei factor) zijn factoren die uiterst potent zijn met betrekking tot bovenstaande. Factoren zoals Bone 
Morphogenetic Protein 6 en 7 (BMP6 en BMP7; bot morfogenetisch eiwit) zijn juist factoren die 
nierverlittekening remmen en herstel van de nier kunnen stimuleren. 
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Dit proefschrift
In dit proefschrift wordt in ingegaan op een aantal aspecten van acute en chronische nierschade. Zo 
wordt bestudeert of voorspellen van nierschade mogelijk is en welke factoren hierop van invloed 
zijn, waarbij een sterke focus op CTGF ligt. Om de omvang van het nierschade probleem (zowel 
chronisch als acuut) te accentueren én om belangrijke spelers hierbij te introduceren werd hoofdstuk 
1 geschreven. Het werk in hoofdstuk 2 beschrijft een methode om in nierbiopten (kleine stukjes 
nier die onder de microscoop bekeken kunnen worden) van patiënten met acute nierschade direct na 
niertransplantatie te voorspellen wie wel en wie geen chronische nierschade ontwikkelen. De mate van 
schade in deze biopten is hiervoor een goede maatstaaf. Met speciale kleurtechniek is ook gekeken 
naar de regeneratie (de hoeveelheid regeneratieve cellen en de totale celdeling). Deze parameters 
bleken echter geen goede voorspellende waarde te leveren. In hoofdstuk 3 is de studievraag of in het 
bloed  van patiënten die bekend zijn met hart en vaatziekten de aanwezigheid van CTGF voorspellend 
is voor het uiteindelijk ontwikkelen van complicaties van de aanwezige vaatschade. Zoals al eerder 
genoemd is de kans op hart en vaatziekten bij patiënten met chronische nierschade aanzienlijk vergroot. 
Interessant genoeg bleek CTGF in het bloed onafhankelijk van de nierfunctie een voorspellende waarde 
te hebben voor het krijgen van complicaties. Hoofdstuk 4 is een review dat exploreert wat tot dusver 
bekend is over myofibroblasten, waar zij vandaan komen tijdens nierfibrose en hoe zij in de toekomst 
mogelijk doelgericht aangepakt zouden kunnen worden. Hoofdstuk 5  beschrijft een methode om dit 
te doen. In dit hoofdstuk worden met Rapamycine (een ontsteking onderdrukkend medicijn) geladen 
synthetische bolletjes onder het nierkapsel geplaatst bij ratten die een chirurgische urinewegobstructie 
hebben gekregen (Unilateral Ureter Obstruction, UUO). Deze bolletjes laten op een langzame en 
gecontroleerde manier de rapamycine los en zorgen op die manier voor onderdrukking van fibrose door 
middel van een lokale hoge dosis en minder bijwerkingen.In hoofdstuk 6 wordt gebruik gemaakt van 
tamoxifen, een medicijn dat de oestrogeen receptor blokkeert. Tamoxifen wordt in wetenschappelijk 
onderzoek vaak gebruikt als handig hulpmiddel om dieren genetisch te kunnen manipuleren waarbij 
blokkade van de oestrogeen receptor geen direct doel is. Bekend is echter dat blokkeren of manipuleren 
van oestrogeen signalering ook effecten op het vormen van fibrose kan hebben. In dit hoofdstuk 
wordt getoond dat injectie van tamoxifen los van de genetische manipulatie ook al een reducerend 
effect op de fibrose heeft. In hoofdstuk 7 wordt getoond dat BMP7 in staat is chronische nierschade 
en bijbehorende nierfibrose te remmen. Tevens wordt bewijs geleverd dat verlaging van CTGF hier 
mogelijk ten grondslag aan ligt. Hoofdstuk 8 is een dieptereview over betrokkenheid van de eiwitten 
CTGF, Epithelial Growth Factor (EGF; epitheliale groei factor) en Platelet Derived Growth Factor 
(PDGF; groei factor uit bloedplaatjes) bij chronische nierschade. Hoofdstuk 9 toont dat een halvering 
van CTGF in genetisch gemodificeerde muizen niet voldoende is om de vorming van schade en fibrose 
te verminderen in ernstige muismodellen van chronische nierschade. Aanvullend toont hoofdstuk 
10 dat een verlies van meer dan 90% van de oorspronkelijke CTGF productie wel voldoende is om 
nierfibrose te verminderen. Interessant hierbij is dat ook minder vorming van lymfevaten gezien wordt. 
Aanvullend celkweek en eiwit onderzoek laat vervolgens zien dat CTGF stimulatie leidt tot productie 
van lymfevat stimulerende eiwitten (Vascular Endothelial Growth Factor C; VEGF-C). Verder wordt 
getoond dat CTGF in staat is te binden aan VEGF-C en zo de signalering en vorming van lymfevaten 
weer beïnvloedt. Hiermee lijkt een nieuwe functie van CTGF te zijn ontdekt. In hoofdstuk 11 wordt 
getoond dat oudere muizen anders reageren op nierschade dan jonge muizen. Zij hebben meer schade 
maar minder fibrose. In wetenschappelijk nieronderzoek wordt veelal gebruik gemaakt van juist jonge 
muizen (sneller te gebruiken en dus goedkoper). De bevindingen uit dit hoofdstuk suggereren nu dat 
dit zou kunnen leiden tot misinterpretatie van data aangezien de meeste patiënten met chronische 
nierziekten juist ouderen zijn. Een tweede gerelateerde bevinding is dat dit verschil in schade en fibrose 
mogelijk veroorzaakt wordt door een veranderde productie van CTGF (minder) en BMP6 (meer), 
twee eiwitten die aan elkaar kunnen binden. Hierbij remt CTGF de beschermende werking van BMP6.  
Hoofdstuk 12 tot slot is een samenvattende discussie. 
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Dankwoord

Beste lezer, welkom op de voor u hoogstwaarschijnlijk eerste pagina van dit proefschrift. Terecht! 
De afgelopen jaren heb ik een hoop moeten leren en doen. Hier heb ik veel hulp bij nodig gehad. 

Dit is alleen mogelijk geweest doordat een forse achterban bereid was tijd en energie in mij te steken. 
Zowel in het lab als er buiten zijn er vele mensen die ik wil bedanken voor hun hulp, samenwerking, 
steun en vriendschap. In het bijzonder gaat mijn dank uit naar:

Prof. Goldschmeding, hartelijk dank voor zowel de mogelijkheid als de vrijheid die je mij geboden 
hebt de afgelopen jaren. Dit heeft mij enorm gesterkt in mijn wetenschappelijke vorming. De deur stond 
altijd open en alles was mogelijk (met de juiste argumenten). Je enorme enthousiasme en interesse in 
niet alleen het werk, maar ook op het persoonlijk vlak heb ik erg gewaardeerd. 

Dr. Nguyen, gelukkig was jij er om al deze vrijheid te bundelen en te focussen. De momenten waarop 
jij vaak in eerste instantie niet zoveel zei, om vervolgens met een overweldigend argument of een 
fantastisch idee te komen zijn veelvuldig. Ook kan ik me (bijna) geen dag herinneren waarop jij niet 
vrolijk was, een effect dat je over lijkt te dragen op anderen. Wel baal ik een beetje dat ik nog nooit in 
je Infinity heb mogen zitten.

Beste Roel en Tri, met werkelijk veel plezier heb ik de afgelopen jaren in de niergroep onderzoek bij 
jullie gedaan. Hierbij kreeg ik al vrij snel het gevoel niet direct voor, maar eerder samen met jullie 
te werken. Hopelijk zullen wij in de (nabije) toekomst verder gaan met onze onderzoeken of nieuwe 
projecten starten.

Geachte commissieleden, Beste Prof. Knoers, Prof. van Goor, Prof. Kranenburg, Prof. Pasterkamp, 
Prof. van Osch,  en Dr. Joles, hartelijk dank voor uw bereidheid om mijn proefschrift te beoordelen. 
	 Beste Jaap, jouw scherpe en kritische blik op de experimentele nefrologie heb ik erg 
bewonderd de afgelopen jaren. Ik zal niet ontkennen dat jouw zitting in de commissie mij hierdoor aan 
de ene kant enigszins zenuwachtig maakt; aan de andere kant had ik me een commissie zonder jou niet 
kunnen voorstellen. Ik kijk uit naar eventuele toekomstige samenwerking. 

Roel Broekhuizen, ik kan niet anders dan jou na bovenstaanden als eerste enorm te bedanken en een 
eigen alinea te geven. Naarmate het aantal experimenten vermeerderde en deadlines naderden heb ik 
me vaak schuldig gevoeld wanneer ik jou weer een enorme berg werk kwam brengen. Weken lang 
snijden aan een enkele muizen embryo zonder blikken of blozen. Bovendien maken je fantastische 
droge gevoel voor humor en je creatieve geest het ook nog eens een plezier om met je samen te werken. 

Prof. van Diest, Prof. Offerhaus, hartelijk dank voor de wijsheid, gastvrijheid en mogelijkheden 
die jullie mij geboden hebben op de afdeling. Dr. de Weger en Dr. Derksen, bedankt voor jullie 
waardevolle en opbouwende kritiek tijdens de aio/post-doc en monday morning meetings. 

De niergroep (plus een stukje granzyme), de vaste groep mensen in de onderzoeksgroep met wie ik elke 
vrijdag (nouja elke… ) de hele ochtend aan de koekjes en koffie zat. Beste Jan Willem en Amelie, toen 
ik net begon waren jullie aan het afronden. Mede dankzij jullie onmiddellijke acceptatie en bereidheid 
overal bij te helpen heb ik me direct welkom gevoeld in de onderzoeksgroep. Onze samenwerking 
ging verder dan wetenschappelijk, waar de UMC estafettes mooi bewijs van leveren. Beste Dionne, 
met name tijdens de eerste jaren heb je mij enorm geholpen met het managen en behandelen van een 
forse hoeveelheid muizen. Ondanks je vertrek kom ik bijna dagelijks sporen tegen van jouw inzet bij 
mijn onderzoek. Hartelijk dank hiervoor. Beste Krista, je hebt het stokje moeiteloos overgenomen. 
Hopelijk heb ik je niet teveel in de war gebracht met mijn vele en soms onduidelijke wensen. Bedankt! 
Beste Stefan, wij zijn nagenoeg tegelijk begonnen met ons onderzoek en toch ben ben jij vele malen 
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sneller klaar; ik vraag me wel eens af wat ik fout heb gedaan. Ik heb een gezellige tijd met je gehad, met 
Philadelphia als hoogtepunt. Hopelijk heb je nu je plek gevonden. Beste Ellen, ook al was je mijn meest 
directe collega, ik zal je blijven onthouden als meest enthousiaste danseres, dat begrijp je. Snel weer 
eens een spelletje doen? Succes met het afronden van je nier- en granzymegroep onderzoek! 
Dr. Bovenschen, beste Niels, jouw scherpe inzicht in de moleculaire biologie maakt telkens weer 
indruk op me. Het allerbeste en veel succes bij het managen van het PRL (en het onderzoek natuurlijk). 
Beste Irma, ik wil je graag bedanken voor het werk dat je achter de schermen hebt uitgevoerd. Dear 
Hiroshi, it was really nice working with you (and between you and me: the lymphangiogenesis work is 
one of my favourite chapters). Best of luck!

Beste collega pathologie onderzoekers: Beste Geert, Danielle, Iordanka, Pan, Stefanie, Cigdem, 
Robert, Jeroen, Cathy, Annette, Petra, Manon, KaWai en Jolien, toen ik startte was voor velen van 
jullie het onderzoek al in volle gang en ondertussen zijn de meesten van jullie (sommigen letterlijk) 
gevlogen. Ik wens jullie allemaal veel succes en bedank jullie voor de gezellige tijd op het PRL (P.s. 
de karaoke avond is helaas een stille dood gestorven). P.s. Laurien, jij hoort natuurlijk ook in dit rijtje 
maar ik bedank je pas als ik eens mag winnen met squashen….
	 Wendy, ik wilde jou nogmaals in het bijzonder bedanken voor de inzet en manier waarop jij 
(soms tegen grote weerstand in) het PRL tot een efficiënte werkomgeving hebt weten te vormen. Jan en 
Folkert, beiden coryfee in het lab. Dankzij jullie veelvuldige hulp en management heb ik het lab intact 
gelaten. Miranda, bedankt voor je hulp bij de administratie/registratie. 
	
Als ik volgens oorspronkelijke planning klaar was geweest dan was dit het einde van de PRL bedankjes 
geweest. Gelukkig is mijn onderzoek uitgelopen. Hierdoor heb ik een volledig tweede cohort aan PRL 
onderzoekers mogen ontmoeten. Beste Pauline, Rob, Yvonne, Justin, Koos, Marise, Joost, Huiying, 
Liling, Quirine en Emma, heel veel succes met jullie verdere onderzoek en opleiding, hopelijk heb 
ik jullie niet teveel lastig gevallen met mijn intermitterende bezoekjes. Pauline! IK BEN ZO BLIJ 
DAT JIJ OP HET PRL BENT GEKOMEN! Ik blijf me verbazen over hoe zo’n partiële alcoholiste met 
dubieuze morele standaard (zie documentaire van 1 april jl.) toch zo competent kan zijn. Al het goeds 
aan jou en Matthys. Rob, bedankt voor je bereidheid ons wekelijks op het bieruur te attenderen. Ik 
zie je op het hockeyveld (als teamgenoot en als tegenstander). Succes met (de start van) je opleiding! 
Justin, ik wens jou en je kersverse vrouw het allerbeste. Ook jij uiteraard succes met het vervolg van 
je opleiding (en het afronden van je proefschrift). Koos, GheGheGheGheGhe! Aernout, stop je nu met 
vragen of ik niet eens moet gaan promoveren….? Marise, veel plezier in je Indische nieuwe huisje! ik 
kom je vast nog wel tegen in onze (mogelijk dezelfde) vervolgopleiding.

Beste Willy, Marjon en Ellen, heel erg bedankt voor jullie behulpzaamheid de afgelopen jaren. Ook 
de rest van de pathologie wil ik bedanken voor hun betrokkenheid en inzet. Specifiek wil ik de (oud) 
medewerkers van het secretariaat, de weefselfaciliteit (met in het bijzonder Jan Beekhuizen en Natalie, 
ook als “nieuwe” PRL member), de histologie, de immunopathologie (met in het bijzonder Domenico 
en Kevin) en de moleculaire pathologie (met in het bijzonder Marja) bedanken. 

Geachte Prof. Verhaar, Dr. Fledderus, Dr. Giles, Dr. Rookmaaker, Dr. Gerritsen, Dr. Mokry, 
Dr. Abrahams en Dr. Stoop, hartelijk dank voor de samenwerking de afgelopen jaren. 
Beste Karin, bedankt voor de kans die je mij gegeven hebt samen aan de SMART studie mee te werken. 
Beste Gisela, bedankt voor de fijne samenwerking. Ik heb het heel leuk gevonden om aan CEP164 te 
sleutelen, mijn meest fundamentele paper. Hendrik, ik heb jouw nieuwsgierigheid naar meer kennis 
en “vrije” geest binnen het onderzoek als zeer inspirerend beschouwd. Helaas krijg ik het beeld van 
jou als platinablonde Tinder date niet meer uit m’n hoofd. Beste Tobias, wat begon met een vraag over 
een kleuring is uitgegroeid tot een mooi hoofdstuk (en hopelijk publicatie). We komen elkaar vast nog 
tegen, alleen al omdat ik nog een etentje van je tegoed heb! ;)
Beste Maarten (Wester), maar liefst twee maal zijn wij samen naar de States geweest. Twee mooie 
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trips die ik niet snel zal vergeten. Beste Diana en Kirsten, de tweede trip was ook met jullie. Nooit 
gedacht met collega onderzoekers op de plank te staan. 
Beste Nynke, bedankt voor de gezellige samenwerking binnen en buiten het GDL. Beste Olivier 
en Tim, ook jullie bedankt voor een gezellige tijd! Adele, Nel en Petra heel erg bedankt voor de 
vriendelijke wijze waarop jullie mij technische hebben ondersteund tijdens de sporadische bezoeken 
aan het nefrologie lab. 

Beste (oud) medewerkers van het GDL met in het bijzonder Romy, Helma, Anja, Paul, Sabine, Willeke, 
Debby, Tamara, Kiki en Herma: Heel erg bedankt voor jullie ondersteuning de afgelopen jaren. Ik 
ben blij dat jullie mij, ondanks de vele kleine tikjes op de vingers, nog steeds bij jullie op de werkvloer 
toelaten. Geachte Dr. Poelma en Dr. Blom, beste Fred en Harry, hartelijk dank voor de vriendelijke, 
snelle en zeer bruikbare ondersteuning bij de (toch wel) ingewikkelde proefdieradministratie. Tijdens 
de proefdiercursus drukken jullie ons op het hart dat jullie er zijn om de onderzoeker te helpen. Zo heb 
ik dit ook altijd ervaren.   

Beste Aletta, Chalana, Roy, Zeineb, Cindy en Yik, hartelijk dank de inzet tijdens jullie respectievelijke 
onderzoeksstages. 

De vele anderen die mij de afgelopen onderzoeksjaren geholpen hebben wil ik ook graag hartelijk 
danken. 

Voor mijn beide paranimfen is een enorme dubbelrol toebedeeld. Wij hebben ons onderzoek in volledige 
overlap uitgevoerd en hierdoor samen vele uren in het UMC doorgebracht, maar hiervoor behoorden 
jullie al tot mijn beste vrienden. Dimitri, held, mijn eerste en daarmee oudste studiemaatje! We hebben 
zo gruwelijk veel leuks meegemaakt. Hopelijk zet deze trend zich door. Door dik en dun, jij het hart 
en ik de nieren. Han, ik vind het zo onwijs leuk dat je er bij kan zijn als mijn paranimf ondanks je 
drukke leven in de VS. Ik mis je enthousiasme en de lange discussies die we vaak hadden, dat... en je 
bourgondische kookkunst. 

JC Dekhengst/Baksteen/Fuore/Blauwe Kabouter… 2005!! Wat bijzonder dat we nog steeds elke 
dinsdag (proberen) samen (te) eten. Helaas zijn de maaltijden ondanks mijn hevig verzet toch volledig 
vegan geworden. De Chillers, het groepje dat zijn naam eer aan doet. Altijd gezellig om impromptu aan 
te schuiven bij een random spelletjesavond. Hopelijk lukt het er weer wat vaker bij te zijn!
(Oud)huisgenoten van huize Chaud Lapin, House of Justus en het Thijspaleis/the Hansion/the 
Lucastle/the Lion’s Den/Casa Carien/Eric’s Etablissement, bedankt voor de leuke tijd en het geduld 
met mijn soms wat onhygiënische huishoudetiquette. 
(Oud)medespelers en bestuursleden van Mise-en-Scène, LTD. en Bureau Klein Leed, ons samenspel 
en samenwerken heeft mijn afgelopen decade kleur gegeven!  
Alexander, Barthold, Dimitri, Han, Heiko, Jasper, Joep, Laura, Lionel, Pim, Renée, Rinske, Thijs 
en Tristan, ik wil jullie in het bijzonder bedanken voor de hechte vriendschap. 

Mijn oude schoolvrienden: Willem, Paul, Olivier en Fabienne, ondanks onze lage ontmoetingsfrequentie 
is onze vriendschap me dierbaar. 

Lieve papa en mama, wat moet ik nou tegen jullie zeggen… onvoorwaardelijke steun en liefde. Dat 
zijn twee dingen die ik altijd van jullie gekregen heb. Ik ben onbeschrijflijk dankbaar voor alles dat 
jullie mij hebben gegeven. Lieve Jeroen en Steyn, ik ben trots op jullie. Ik voel me minder en minder 
een oudere broer en steeds meer een super goede vriend (lees partner in crime). Feestje? Lieve Dratar, 
Woef Woef Waf Woef. Lieve familie, ik houd van jullie en de overweldigende hoeveelheid humor 
waarmee ons gezin in het leven staat. 
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Tot slot Willemijne, mijn moefie moefie, mijn liefje… als mijn geheime onderzoeksproject verdien  je 
een eigen pagina. Ik vind het heel knap en inspirerend hoe jij jezelf staande weet te houden ondanks de 
enorme werkdruk die je tijdens dit schrijven ondervindt. En dan ook nog je fiets in beslag genomen!
Bij jou ben ik helemaal mezelf en voel ik me goed. Jij bent mijn lievelingsmuisje Mijntje….
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research. Currently Lucas is in the final stage of his second Master year and is projected to start his 
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