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Abstract

Tissue fibrosis is associated with structural and functional changes that limit blood flow and 

oxygen availability. In the kidney, tubulointerstitial fibrosis, which leads to progressive 

destruction of renal tissue and irreversible loss of kidney function, is associated with reduced 

tissue oxygen levels and activation of hypoxia-inducible factor (HIF) signaling. Although 

cytoprotective in acute injury models, HIF-1 was found to promote fibrosis in an experimental 

model of chronic renal injury following unilateral ureteral obstruction. Pharmacological inhibition 

of lysyl oxidases phenocopied the effects of genetic HIF-1 ablation on cell motility in vitro and on 

fibrogenesis in vivo, suggesting that lysyl oxidases are important mediators of profibrotic HIF 

signaling. These findings support the notion that HIF-mediated cellular responses differ under 

conditions of acute and chronic oxygen deprivation. Under certain conditions, these responses 

may lead to further tissue destruction by promoting fibrogenesis.
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Evidence for Hypoxia in Chronic Renal Diseases

Despite the very large blood volume they receive (~20% of total cardiac output), kidneys 

have to carry out complex and energy-consuming cellular transport functions under 

markedly reduced oxygen tension. Regional tissue oxygen levels vary and under 

physiological conditions can be as low as 10 mm Hg in the medulla. This is partly due to the 

unique anatomy of the renal vasculature, which generates an oxygen shunt that shifts 

molecular oxygen away from the medulla, and makes the kidney particularly sensitive to 

both acute and chronic ischemic injuries.1 Under pathophysiological conditions, reduced 

renal tissue oxygen levels have been demonstrated in a variety of chronic kidney diseases 

(CKD), both in human patients and in experimental animal models, and result from a 

combination of structural and functional changes that are commonly found in fibrotic 
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kidneys. These include a reduction in peritubular blood flow and supply as a consequence of 

capillary rarefaction, glomerular injury, luminal narrowing of atherosclerotic vessels, as well 

as vascular constriction due to altered expression of vasoactive factors and signaling 

molecules in the injured kidney (e.g., angiotensin II, endothelin, nitric oxide) (Fig. 1). The 

ensuing discrepancy between oxygen supply and demand is furthermore exacerbated by 

extracellular matrix (ECM) expansion, limiting oxygen diffusion, by increased oxygen 

demand from hyperfiltration, and tubular hypertrophy, and by renal anemia.2,3 Blood 

oxygen level-dependent (BOLD) MRI, various molecular and histological techniques, and 

direct measurement of renal tissue oxygen levels with microelectrodes are methods that have 

been used to assess oxygenation in CKD, such as diabetic and IgA nephropathy, unilateral 

ureteral obstruction (UUO), 5/6 nephrectomy, and anti-Thy1 glomerulonephritis (for an 

overview of these studies see Refs. 1–4). Consistent with decreased renal oxygenation in 

experimental models5,6 is the increased expression of the oxygen-sensitive α-subunit of 

hypoxia-inducible factor (HIF)-1 in renal biopsy material from patients with diabetic 

nephropathy7 (Fig. 2). Genome-wide gene expression analysis of microdissected renal 

biopsy tissues (glomeruli were excluded) detected that approximately 45 confirmed or 

putative HIF-regulated genes were differentially expressed between control and diabetic 

patients.7 Moreover, the degree of HIF-1α expression (tubular epithelial cells and 

glomerular cells) correlated with the degree of tissue injury and fibrosis,7 supporting the 

notion that CKD progression is associated with further impairment of renal oxygenation. 

HIF transcription factors, which are activated under hypoxic conditions and in response to 

certain cytokines and other non-hypoxic stimuli,1 play key roles in cellular adaptation to 

hypoxia by regulating various biological processes that are usually aimed at improving 

tissue oxygenation and cell survival in a low oxygen environment, such as vascular 

remodeling, erythropoiesis, and anaerobic glycolysis. Recent experimental evidence, 

however, suggests that prolonged activation of HIF signaling in certain renal cells may 

enhance maladaptive responses, such as tissue fibrosis, which will ultimately result in 

further tissue destruction.

Activated HIF Signaling in Ischemic Renal Diseases

The biological outcome of HIF activation appears to be different under conditions of acute 

and chronic renal hypoxia. As a consequence of acute renal ischemia, HIF-α proteolysis is 

inhibited, and HIF-1α can be detected in the nucleus of renal tubular epithelial cells, where 

it dimerizes with HIF-1β to form transcriptionally active HIF-1. Whereas HIF-1 is active in 

renal epithelial and in endothelial cells, HIF-2α is expressed in renal interstitial fibroblasts 

and in endothelial and glomerular cells (Fig. 1). As global regulator of cellular adaptation to 

hypoxia, HIF controls biological processes that are important for cell survival, such as 

anaerobic glycolysis (Pasteur effect), cellular proliferation, apoptosis, and reactive oxygen 

species (ROS) scavenging. Genetic studies in mice have demonstrated that reduced 

expression of HIF-1α or HIF-2α worsens the clinical outcome of acute ischemic renal 

injury.8,9 Although the relative contributions of different renal cells to HIF-mediated 

cytoprotection remains to be determined, endothelial HIF-2 appears to ameliorate renal 

ischemia reperfusion injury through increased expression of ROS scavenging enzymes, such 

as superoxide dismutase (SOD).8
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In the context of chronic renal injury the biological consequences of HIF activation are 

different and appear to negatively impact clinical outcome. Our laboratory has recently 

identified tubular epithelial HIF-1α as a promoter of renal fibrosis7 and demonstrated that 

genetic inactivation of HIF-1α in the proximal renal tubule led to a reduction in collagen 

accumulation, inflammatory cell infiltration, and the number of FSP1 (S100A4)-expressing 

interstitial cells following UUO.7 The notion of epithelial HIF-1 acting as a profibrotic 

transcription factor is supported by overexpression studies in vivo.10 In addition, we and 

others have shown that hypoxia and HIF activation promotes cell motility and epithelial to 

mesenchymal transition (EMT) of renal epithelial cells in vitro,7,11 which most likely 

contributes to HIF’s fibrogenic role in vivo. EMT is a developmentally vital, molecularly 

complex cellular process by which epithelial cells lose apico–basal polarity and cell–cell 

contact, become motile, and acquire mesenchymal characteristics. In the context of CKD, 

renal tubular epithelial cells acquire a mesenchymal phenotype and then migrate into the 

interstitium, where together with resident cells they produce ECM as myofibroblasts.12 The 

accumulation of myofibroblasts is closely correlated with the degree of interstitial damage 

and the risk of disease progression. In vivo studies with genetically tagged renal epithelial 

cells have suggested that up to 36% of interstitial myofibroblasts are EMT-derived and 

approximately 15% are bone marrow-derived, while the rest are derived from resident 

fibroblast proliferation.13 However, the degree to which EMT contributes to the renal 

myofibroblast pool is still under investigation, and more recent studies have emphasized that 

pericytes14 and/or endothelial cells15 can become major sources of ECM-producing renal 

interstitial myofibroblasts.

HIF as a Promoter of Fibrosis

The cellular responses to HIF activation in the context of renal fibrogenesis are complex and 

most likely highly cell type-dependent. While HIF signaling in non-epithelial renal cells is 

still being investigated, more experimental information exists about the role of tubular 

epithelial HIF in CKD progression. Renal epithelial cells contribute to the development of 

renal fibrosis, as they increase and remodel ECM when stimulated with TGF-β1, angiotensin 

II, and other cytokines,16,17 or when they transition into myofibroblasts as a result of 

EMT.12,18 There are several potential mechanisms by which epithelial HIF-1 may promote 

renal fibrosis. Work by our laboratory and by others suggests that activation of HIF 

signaling in resident kidney cells promotes renal fibrosis by at least three mechanisms: (a) 

by direct regulation of gene products that control ECM turnover; (b) by functional co-

operation with TGF-β1, which is a potent profibrotic factor; and (c) by promoting EMT. In 

addition, HIF-1 is important for the normal function of immune cells under hypoxic 

conditions, and thus will most likely impact the outcome of renal injury through its ability to 

modulate the activity of infiltrating inflammatory cells, which are usually present in CKD 

tissues. Experimental studies, which examine the functional role of HIF in these cells as it 

pertains to CKD progression, are still pending.

HIF Regulation of ECM-Modifying Factors and Functional Interaction with TGF-β Signaling

Hypoxia has the potential to drive fibrogenesis through direct transcriptional increase in the 

expression of collagen genes or gene products that are directly involved in the regulation of 
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ECM turnover. Hypoxia induces collagen I, decreases matrix-metallopeptidase 2 (MMP-2) 

in renal epithelial cells,19 and increases plasminogen activator inhibitor-1 (PAI-1),20 tissue-

inhibitor of metalloproteinase-1 (TIMP-1),19 as well as connective tissue growth factor 

(CTGF),21 through HIF-mediated transcriptional responses. Synergistic co-operation 

between HIF and non-HIF pathways, such as the TGF-β1/SMAD3 signaling pathway, may 

further enhance the expression of oxygen-regulated genes in the setting of CKD. HIF/TGF-

β1 have been shown to co-regulate vascular endothelial growth factor (VEGF ),22 

endoglin23 and erythropoietin (EPO),24 and further support for this notion comes from the 

observation that hypoxia and TGF-β1 synergize with regard to the production of certain 

collagens in fibroblasts.25,26 TGF-β1 is a member of the TGF-β superfamily, which 

encompasses other multifunctional cytokines such as bone morphogenetic proteins, activins, 

and inhibins. TGF-β1 expression is strongly correlated with tissue fibrosis and is largely 

responsible for the observed increase in ECM deposition in fibrotic diseases through 

stimulation of profibrogenic gene expression in a wide variety of different cells. It has been 

identified as a main contributing factor to the development of renal fibrosis in a variety of 

renal disease settings, most notably diabetic nephropathy,27 and regulates gene expression 

through the activation of SMAD transcription factors. Although the molecular basis of 

functional interactions between hypoxia, HIF, and TGF-β signaling is not well-understood, 

close proximity of HIF and SMAD-binding DNA sequences in regulatory regions of certain 

hypoxia-sensitive genes suggests that both pathways cross-talk at a transcriptional level, as 

proposed for the regulation of VEGF expression.22 Even though a direct role for HIF has yet 

to be demonstrated, hypoxia increases TGF-β1 protein19 and SMAD3 mRNA levels, and it 

promotes the thrombospondin-dependent release of latent TGF-β2, thereby activating TGF-β 

signaling.28 This would suggest that hypoxia and HIF modulate TGF-β signaling at multiple 

levels.

HIF Regulation of EMT and Kidney Fibrosis

There is growing experimental evidence that hypoxia and HIF promote EMT by (a) 

regulating the expression levels of EMT inducers or their receptors (e.g., TGF-β1; c-met 

proto-oncogene (receptor for hepatocyte growth factor)), (b) affecting the expression levels 

and activity of EMT-associated signaling molecules and downstream effectors (e.g., 

modulation of Notch and β-catenin-mediated transcriptional activity29,30), or (c) by 

regulating the expression and activity levels of EMT-inducing transcriptional repressors 

(Fig. 3). Epithelial repressors are transcription factors, which recruit specific chromatin-

remodeling complexes and downregulate the expression of gene products important in the 

maintenance of the epithelial phenotype. These include cadherins, claudins, cytokeratins, 

mucins, plakophilin, occludin, and ZO proteins (for a recent review, see Ref. 31). The loss 

of E-cadherin expression is consistently observed during EMT and represents an important 

molecular event during this process. E-cadherin as a key component of cell–cell adhesion 

junctions is essential for the formation of epithelia during embryonic development and 

maintenance of adult epithelial homeostasis. Some epithelial repressors can also directly or 

indirectly induce mesenchymal gene products that are important in matrix remodeling as 

demonstrated by overexpression studies. An example of this is the activation of zinc finger-

containing transcriptional repressor SNAI1, which indirectly increases MMP2 and MMP9 

expression, as well as the expression of TIMP1 and PAI1.32–34 Imai et al. observed that 
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SNAI1 was increased by hypoxia in ovarian cancer cells, which correlated with increased 

HIF-α levels and decreased E-cadherin expression.35 HIF control of EMT-inducing 

epithelial repressors was subsequently demonstrated in pVHL defective renal cancer 

cells,36,37 which lack the ability to target hydroxylated HIF-α for ubiquitination and 

subsequent proteasomal degradation, resulting in constitutive activation of HIF signaling. 

HIF-1 activation was associated with decreased E-cadherin expression, loss of cell–cell 

adhesion, and induction of EMT through increased expression of epithelial repressors TCF3, 

ZEB1/δEF1, and ZEB2/SIP1.36 Similarly, Evans et al. proposed that inactivation of pVHL 

resulted in E-cadherin suppression via HIF-dependent induction of SNAI1 and ZEB2/

SIP1,37 while Esteban et al. suggested that HIF-2 may be more potent in suppressing E-

cadherin levels than HIF-1.38 In the kidney, SNAI1 seems to be particularly important for 

the maintenance of epithelial homeostasis, as forced expression of SNAI1 induces renal 

fibrosis in transgenic mice.39

Another HIF-regulated transcriptional repressor that may be relevant for renal fibrogenis is 

the basic helix-loop-helix transcriptiona factor TWIST, which represses E-cadherin via E-

boxes that are also targeted by SNAI1 and ZEB2/SIP1. TWIST is directly HIF-regulated in 

Caenorhabditis elegans40 and in mammalian cells,40,41 and it mediates hypoxia/HIF-

induced EMT in renal epithelial cell lines.42 However, increased transcription of TWIST, 

ZEB2/SIP1, or SNAI1 was not observed following exposure of primary renal epithelial cells 

to short term hypoxia; this may be a reflection of cell type and context-dependent 

differences in hypoxic gene regulation or the duration of hypoxia exposure.7

HIF-1 induction of lysyl oxidase (LOX) and lysyl oxidase-like (LOXL)-2 has been shown to 

promote migration of primary renal epithelial cells and human breast and cervical cancer 

cells, and to downregulate E-cadherin expression.7,43 Although initially identified by their 

ability to cross-link collagen and elastin fibers, LOX and LOXL proteins carry out 

intracellular functions and display a range of biological activities that extend beyond ECM 

cross-linkage. These include the regulation of ras- and NF-κB-signaling, possibly through 

the modification of DNA–histone and histone–histone interactions.44 A recent report by 

Peinado et al. indicated that LOXL2 and LOXL3 have the potential to regulate EMT by 

stabilizing and promoting the activity of transcriptional repressor SNAI1.45 Because LOX 

and LOXL2 are direct transcriptional targets of HIF, LOXL-mediated control of SNAI1 

activity may represent an important molecular mechanism in the oxygen-dependent 

regulation of renal EMT and in the pathogenesis of kidney fibrosis.7,39

HIF as Therapeutic Target in Renal Fibrosis

Normoxic stabilization of HIF-α can be achieved by pharmacological inhibition of prolyl-4-

hydroyxlase domain (PHD) proteins with 2-oxoglutarate analogues. PHDs are 2-

oxoglutarate-dependent dioxygenases, which act as molecular oxygen sensors and 

hydroxylate specific proline residues within the oxygen-dependent degradation domain of 

HIF-α. This is a prerequisite for rapid HIF inactivation under conditions of normal oxygen 

tension. Notwithstanding HIF’s profibrogenic actions in vivo and its role in the regulation of 

EMT-triggering pathways, systemic inhibition of PHDs (e.g., with cobalt chloride or 2-

oxoglurate analogues, which both inhibit HIF prolyl-4-hydroxylases) has been shown to be 
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cy-toprotective not only in acute ischemia, but also in certain chronic renal disease models 

(for an overview of studies, see Refs. 1,3,4). It is unclear, however, which cell type, 

signaling pathway, or HIF homologue confers cytoprotection or aids in the preservation of 

renal function. Cell type-specific genetic studies in mice—studies that target individual HIF 

homologues—are needed to better understand the contributions of individual HIF 

transcription factors to chronic renal injury. Because HIF is an upstream regulator of 

multiple biological processes, which include the regulation of erythropoiesis and iron 

metabolism, systemic pharmacological inhibition of HIF for the treatment of fibrotic 

disorders, in particular CKD, is not desirable. Certain HIF-regulated proteins, however, may 

represent better drug targets to retard CKD progression. Pharmacological inhibition of HIF-

regulated lysyl oxidases phenocopied the effects of genetic HIF-1α inactivation on cell 

motility in vitro and on fibrogenesis in vivo, suggesting that lysyl oxidases are important 

contributors to the pathogenesis of renal fibrosis. In keeping with this notion, increased 

LOXL2 expression was found in renal biopsy tissues from patients with CKD.7 Further 

investigation is warranted to determine if pharmacological inhibition of lysyl oxidases is 

feasible in clinical practice to slow the progression of CKD.

Summary

Recent studies have identified epithelial HIF-1 as an oxygen-regulated transcription factor 

capable of promoting renal fibro-sis through increased expression of ECM-modifying 

factors, lysyl oxidase genes, and the facilitation of EMT. These findings have immediate 

clinical implications as they encourage therapies that aim at improving tissue oxygenation to 

halt the progression of fibrosis. The relevance of non-epithelial HIF-1 and HIF-2 signaling 

to the pathogenesis of renal fibrosis, however, remains to be determined. Moreover, HIF-

mediated cellular responses appear to differ under conditions of acute and chronic oxygen 

deprivation, resulting in different clinical outcomes. This notion of cell type- and context-

dependent HIF biological functions, including those in immune and inflammatory cells, will 

stimulate further studies into the role of HIF signaling in acute and chronic ischemic 

injuries.
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Figure 1. 
HIF signaling in CKD. Potential contributions of activated HIF signaling in resident kidney 

cells to the pathogenesis of renal fibrosis. As a result of hypoxia, HIF activation in renal 

epithelial cells is capable of promoting fibrosis as shown experimentally in proximal tubule-

specific HIF-1α knockout mice (UUO model) and in mice with increased tubular HIF-1α 

expression.7,10 Epithelial HIF acts as a profibrotic transcription factor by modulating ECM 

production and processing through regulation of matrix-modifying factors and enzymes, 

such as CTGF, PAI1, TIMP1, and MMPs, and the modulation of EMT-triggering pathways. 

The role of non-epithelial HIF in the pathogenesis of renal fibrogenesis is not known. 

Abbreviations: CTGF, connective tissue growth factor; ECM, extracellular matrix; EMT, 

epithelial-to-mesenchymal transition; NO, nitric oxide; PAI1, plasminogen activator 

inhibitor 1; ROS, reactive oxygen species; TIMP1, tissue-inhibitor of metalloproteinase 1.
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Figure 2. 
HIF expression in CKD. Shown is HIF-1α immunostaining of normal kidney tissue (nl.) and 

renal biopsy tissue from a patient with advanced diabetic nephropathy (DN) analyzed by 

differential interference contrast microscopy. Shown is a representative photograph from a 

diabetic kidney with >50% of epithelial cells stained positive. Arrows depict cells with 

nuclear HIF-1α staining; (gl.) indicates glomerulus. Magnification ×400.
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Figure 3. 
HIF as a modulator of EMT. Simplified overview of hypoxia/HIF-regulated EMT-triggering 

signaling pathways and effector molecules. The composition and integrity of the basement 

membrane is crucial for the maintenance of epithelial homeostasis, and its disruption is a 

critical event during the EMT process. Under pathological conditions, transitioned epithelial 

cells migrate into the interstitium, where they produce ECM as myofibroblasts. Migration is 

likely to be modulated by HIF via increased expression of proteins that regulate and balance 

ECM degradation and turnover, such as PAI1 and TIMP1. Abbreviations: CTGF, connective 

tissue growth factor; PAI1, plasminogen activator inhibitor 1; TIMP1, tissue-inhibitor of 

metalloproteinase 1; RTyrKinases, receptor tyrosine kinases; SNAI1, snail homologue 1; 

TCF3, transcription factor 3 (E2A immunoglobulin enhancer-binding factors E12/E47); 

ZEB, zinc finger E-box-binding homeobox.
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