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Abstract: The pathogenesis of chronic kidney disease (CKD) is complex and apparently multifactorial.
Hypoxia or decrease in oxygen supply in kidney tissues has been implicated in CKD. Hypoxia
inducible factors (HIF) are a small family of transcription factors that are mainly responsive
to hypoxia and mediate hypoxic response. HIF plays a critical role in renal fibrosis during
CKD through the modulation of gene transcription, crosstalk with multiple signaling pathways,
epithelial-mesenchymal transition, and epigenetic regulation. Moreover, HIF also contributes to the
development of various pathological conditions associated with CKD, such as anemia, inflammation,
aberrant angiogenesis, and vascular calcification. Treatments targeting HIF and related signaling
pathways for CKD therapy are being developed with promising clinical benefits, especially for
anemia. This review presents an updated analysis of hypoxia response, HIF, and their associated
signaling network involved in the pathogenesis of CKD.
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1. Introduction

Chronic kidney disease (CKD) is a condition characterized by the gradual loss of kidney function
over time. In the USA, 26 million adults have CKD and millions more are at increasing risk of CKD
according to the data of National kidney Foundation. In China, CKD affects approximately 10.8% of
the total adult population [1]. The large CKD population imposes huge economic and health burden
on both the affected families and the whole society.

Diabetes, hypertension and glomerulonephritis are the leading causes of CKD and multiple
underlying mechanisms have been suggested. Among them, hypoxia response and HIF have
been noted to play critical roles [2–4]. Hypoxia response is one of the mechanisms for kidneys
to adapt to the oxygen deficient condition and to survive under pathological conditions. Adequate
oxygen is essential for all mammalian organs to fuel various bio-metabolic processes and to maintain
biological homeostasis. The balance between oxygen consumption and supply is critical especially
for kidneys, which always stay in active metabolic condition and are in high need of oxygen
supply. Hypoxia, insufficient supply of oxygen, has been considered to be closely related to CKD
progression. The induction of hypoxia during CKD is indeed multifactorial, including increased
oxygen consumption, malfunction of microvasculature, vascular remodeling, anemia associated
impaired oxygen delivery, impaired oxygen diffusion by extracellular matrix (ECM) accumulation,
and mitochondrial abnormality [5–10].
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The family of hypoxia inducible factors (HIF) plays a central role in hypoxia response. The induction
of HIF during hypoxia contributes to renal homeostasis as well as pathophysiology in kidney diseases.
Emerging evidence has implicated HIF and hypoxia response in various types of CKD [2–4].

In this review, we will mainly focus on the latest research advances with regard to the regulation
and role of HIF and hypoxia response in CKD, especially their role in the pathological development of
renal fibrosis. Moreover, we will also summarize the recent therapeutic studies of CKD with potential
approaches by targeting HIF.

2. Regulation of Hypoxia Inducible Factors (HIF)

HIFs are heterodimeric helix–loop–helix transcriptional regulatory factors consisting of a labile
subunit HIF-α and a constitutively expressed β-subunit (HIF-β) (Figure 1). The cellular level of HIF-α
is regulated by oxygen-dependent proteasomal degradation. Under normoxia, HIF-α is hydroxylated
by specific prolyl hydroxylase domain-containing protein (PHD1/2/3), which promotes HIF-α binding
to the von Hippel Lindau protein (pVHL)-E3-ubiquitin ligase complex, leading to its polyubiquitination
and consequent rapid degradation by proteasome [11–14]. In addition, hydroxylation of an asparaginyl
residue of HIF-α by an asparagine hydroxylase (Factor Inhibiting HIF-1, FIH1) can prevent HIF-α
transactivation by inhibiting the recruitment of CBP/p300 that mediates the transcriptional regulation
of HIF [15–17]. In acute hypoxic conditions, the lack of oxygen supply blocks PHD activity and
inhibits the hydroxylation of HIF-α to stabilize it. Consequently, the stabilized HIF-α can dimerize
with HIF-β. The dimer then translocates to the nucleus and trans-activates target genes. HIF with its
target genes has been proved to function in a variety of biological and pathological process, ranging
from fibrosis, angiogenesis, cell proliferation, erythropoiesis, to metabolic switch, inflammation, and
apoptosis [11–14,18–24]. When hypoxia persists, HIF signaling leads to adaptive responses in order to
reduce oxygen demand and increase oxygen supply aiming at reaching a new balance [25].
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Figure 1. Schematic diagram of HIF regulation in CKD. In normoxia or the presence of O2, HIF-α
is hydroxylated by prolyl hydroxylase domain (PHD) resulting in its binding of von Hippel Lindau
protein (pVHL)-E3-ubiquitin ligase complex, poly-ubiquitination, and consequent proteosomal
degradation. In hypoxia or the absence of O2, PHD-mediated hydroxylation is inhibited, leading
to HIF-α stabilization and accumulation. HIF-α dimerizes with HIF-β to form functional HIF
that translocates to nucleus to activate down-stream gene transcription. Hypoxia is a feature in
kidney tissues in CKD that activates HIF, which integrates multiple signaling networks to induce
renal fibrosis. In addition, tissue hypoxia and HIF contribute to other CKD-associated pathogenic
processes including anemia, angiogenesis, inflammation, and vascular calcification. Abbreviations:
Epithelial-Meshenchymal Transition (EMT), Erythropoietin (EPO), vascular endothelial growth factor
(VEGF), transforming growth factor (TGF).
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HIF has three subtypes due to the three isoforms of α-subunits (HIF-1α, HIF-2α and HIF-3α). The
major subtypes that mediate hypoxic gene transactivation are HIF-1 and HIF-2. However, they may
not be redundant to each other and can play distinct pathophysiological. HIF-1α and HIF-2α share 48%
sequence identity and are structurally similar [26]. However, their expression patterns are different
which may result in divergent target gene regulation. HIF-1α is expressed ubiquitously in organs
in most cell types, whereas the expression of HIF-2α is tissue limited and is particularly detected
in highly vascularized organs and tissues [27,28]. In general, HIF-1α governs the initial adaptation
process to hypoxia, whereas HIF-2α expression begins after prolonged hypoxic conditions [29,30].
In the kidney, HIF-1α is expressed in most of the cell types with the majority expression in tubular
cells, including proximal tubules, distal tubules, connecting tubules, and collecting ducts. Its function
ranges from regulating inflammation, fibrosis, apoptosis to glycolysis in hypoxic kidney diseases.
However, HIF-2α is expressed mainly in interstitial fibroblasts and peritubular endothelial cells and
plays a dominant role in the regulation and induction of Erythropoietin (EPO) production [31–33]. The
structure of HIF-3α is distinct from both of HIF-1α and HIF-2α with three splicing isoforms [26]. Much
less is known about the function of HIF-3. Studies in other research fields show that HIF-3α can act as
a target gene of HIF-1 and may negatively regulate the activity of both HIF-1α and HIF-2α [34–36].
Some HIF-3 isoforms have transcriptional functions that partially overlap with that of HIF-1α [37,38].
Due to the lack of information about HIF-3 in kidney, in the current article we mainly focus on the
regulation and function of HIF-1 and HIF-2 in CKDs.

3. HIF in Chronic Kidney Disease (CKD)-Associated Renal Fibrosis

Renal fibrosis is a pathological hallmark of CKD. Chronic hypoxia has long been considered to be
the final common pathological condition for various types of CKDs. Accumulating evidence show that
HIF, especially HIF-1α, is a key regulator of renal fibrosis under various pathological conditions [39–52].
However, it is still controversial whether HIF is pro-fibrotic or anti-fibrotic. To define the role of HIF
activation on ischemic acute kidney injury (AKI) associated fibrosis, Kapitsinou P et al. inhibited PHD
by pharmacological inhibitor to increase HIF before injury, which finally ameliorated AKI-induced
fibrosis in mice. However, inhibition of PHD in the early recovery phase of AKI did not show beneficial
effects [40]. One possible explanation is that even though HIF activation may reduce renal cell death
in ischemic AKI, HIF-1 may actually be pro-fibrotic during recovery phase [40,43,45,46]. In support
of this, Wang Z et al. showed that inhibition HIF-1α by short hairpin RNA(shRNA) can attenuate
the induction of collagen and α-smooth muscle actin expression in renal artery clamped kidneys [43].
Furthermore, as shown by Higgins DF et al., HIF-1 knockout out in renal epithelial cells can prevent
transforming growth factor (TGF) β1-induced epithelial-to-mesenchymal transition (EMT) in vitro and
renal fibrosis in vivo [44,45]. Consistently, inhibition of HIF-1α by shRNA attenuates Ang II-induced
profibrotic effects [44]. However, in a rat remnant kidney model by removal two-thirds of the left
kidney to induce renal fibrosis, treatment with L-mimosiney to activate HIF-1α can attenuate renal
tubulointerstitial fibrosis [41]. Furthermore, Kobayashi H et al. showed that global activation of HIF
repressed fibrogenesis in mice subjected to unilateral ureteral obstruction (UUO) [42]. Currently, the
cause of this significant discrepancy between these studies regarding role of HIF-1 in renal fibrosis
is not clear. Although it is generally believed that the inconsistent results from different laboratories
can be caused by the variation of experimental conditions which may lead to either protective or
detrimental effect, the non-specific effect from pharmacolological inhibitors or shRNAs should also be
taken into consideration.

Notably, HIF may play different roles in different renal cells. The pharmacological inhibitors
will generally affect all cell types in kidneys, while the inhibition of HIF by genetic methods may
only affect specific renal cell types which may contribute distinctly during renal fibrogenesis. In this
regard, Pritchett TL et al., showed that conditional knockout of VHL in mouse collecting ducts and
a subset of distal tubules results in severe renal fibrosis even without any injury [22]. Notably, the
pathological changes in these mice can be rescued by HIF-1α knockout [22]. Similarly, Kimura K et al.
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showed that VHL deletion causes the accumulation of HIF in tubular epithelial cells that promotes the
development of interstitial fibrosis in the 5/6 renal ablation model [46]. In addition, Higgins DF et al.
showed that genetic ablation of HIF-1α from renal epithelial cells in mice can attenuate the progression
of tubulointerstitial fibrosis in UUO kidneys [45]. In human CKD, there is an association of renal
HIF-1α expression and tubulointerstitial injury [45]. Consistently, elevated epithelial HIF-1α levels
exacerbate the progression of kidney damage and renal fibrosis in a rat model of hypertension induced
by high-salt diet and nitric oxide withdrawal [47]. Altogether, this evidence implies that activation of
HIF-1α signaling in renal epithelial cells may accelerate fibrogenesis in CKD.

Several studies have also examined the roles of HIF-1 and HIF-2 in the glomerular endothelium
in CKD. Luo R et al. suggested that, in Ang II-induced hypertensive chronic injured kidney, elevated
endothelial HIF-1α contributes to the initial glomerular injury, leading to hypertension and progression
of renal fibrosis [48]. However, other studies do not support a critical role of HIF-1 in glomerular
endothelial patho-physiology. For example, Kalucka J et al. found that loss of HIF-1α in glomerular
endothelial cells increases hypoxic cell death in vitro, but in vivo, HIF-1α expression in endothelial
cells in mouse kidneys is detectable but limited. As a result, endothelial cell-specific ablation of HIF-1α
does not have obvious effects on developmental phenotype in the kidney and also no influence of
renal function and adhesion molecules expression during fibrosis development after UUO [49,53].
Kapitsinou P et al. further showed that inhibition of total endothelial HIF can aggravate renal fibrosis
significantly in both ischemia-reperfusion and ureteral obstruction models. Specifically, inactivation of
endothelial HIF-2α, but not HIF-1α, leads to increased expression of renal injury markers and fibrotic
marker TGF-β1 in the post-ischemic kidney [49]. Furthermore, activation of HIF via PHD inhibition
pharmacologically or genetically protects wild-type animals from ischemic kidney injury but the
protective effects disappear in endothelial HIF-2α knockout animals, supporting a role of endothelial
HIF-2α in the protective effects [49].

Moreover, HIF-1α has been reported to contribute to the profibrotic action of Ang II in renal
medullary interstitial cells. During fibrosis, HIF-1α is induced along with fibrotic markers and
transdifferention markers, including collagen I/III, the tissue inhibitor of metalloproteinase-1 (TIMP1),
vimentin, and alpha-smooth muscle actin(α-SMA) [50]. Besides, both in UUO model and in kidney
ischemia model, ablation of HIF-1α in podocytes is protective against glomerulosclerosis and
glomerular type-I collagen accumulation in mice [51]. Apparently, more work is needed to understand
the exact role of HIF in non-tubular epithelial cells in renal fibrosis and CKD.

4. Mechanisms of HIF Signaling in Renal Fibrosis

4.1. Transcriptional Regulation of Fibrogenic Genes

As a transcription factor, HIF can directly regulate the expression of fibrogenic factors by
binding to the hypoxia responsive elements (HRE) in the promotor regions of these genes to
activate gene transcription for the activation of fibroblasts and extracellular matrix remodeling and
deposition (Figure 1). In anti-Tac(Fv)-PE38(LMB2)-induced podocyte injury and focal segmental
glomerulosclerosis model, HIF-1α has been reported to increase and bind to the HRE of collagen type I
alpha 2 chain (COL1A2) promotor. HIF-1α can form a transcription complex with smad family member
3(SMAD3) at this site, which is critical for the induction of collagen I after injury [51]. In addition,
HIF-1 may also contribute to the transcriptional regulation of another important fibrogenic protein,
plasminogen activator inhibitor-1 (PAI-1). PAI-1 can promote extracellular matrix deposition through
inhibition of plasmin-dependent extracellular matrix degradation. In hypoxia-treated renal proximal
tubular cells, the transcription of PAI-1 is strongly dependent on the induction and accumulation of
nuclear HIF-1 [54]. The direct trans-activation of PAI-1 via HIF binding to the HRE in PAI-1 promoter
region has also been reported during hypoxia of rat hepatocytes [55]. Furthermore, Norman JT et al.
reported the direct transcriptional effect of HIF on tissue inhibitor of metalloproteinase 1 (TIMP-1). The
induction of TIMP-1 in renal fibroblasts under hypoxia cannot be blocked by anti-TGF-β1 antibody
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and an HRE is also identified in TIMP-1 promotor [56]. In addition, it has been reported that HIF-1
induces gene transcription of collagen prolyl (P4HA1 and P4HA2) and lysyl (PLOD2) hydroxylases in
fibroblasts, although it is unclear whether HIF can transactivate these fibrogenic genes in kidney. Thus,
HIF-1 may also contribute to extracellular matrix remodeling in renal fibrosis by inducing the genes
for collagen deposition, extracellular matrix stiffening, and collagen fiber alignment [57].

4.2. Crosstalk of HIF with Other Pro-Fibrotic Signaling Pathways

Besides the direct activating the transcription of fibrogenic factors, HIF can crosstalk with multiple
pro-fibrotic signaling pathways, including TGF-β, Notch, NF-κB, and PI3K/Akt pathways, to further
regulate renal fibrosis (Figure 1). TGF-β signaling pathway is a well-recognized pro-fibrotic pathway
in CKD, and various studies have suggested a connection between HIF and TGF-β signaling pathways
in renal fibrosis [58–62]. As mentioned above, HIF can enhance SMAD3-mediated transcription of
COL1A2. In addition, HIF can directly activate the transcription of connective tissue growth factor
(CTGF), a TGF-β signaling mediator) and synergistically induce renal fibrosis [62]. The modulation of
TGF-β by HIF has also been demonstrated in an endothelial specific PHD2 knockout mouse model.
When PHD2 is depleted, the accumulation of HIF will significantly up-regulate TGF-β1 expression in
endothelial cells and promote renal fibrosis [63]. Conversely, TGF-β can also regulate the expression
of HIF at transcription, translation, and degradation levels [58–61]. At transcriptional level, during
TGF-β treatment of mesangial cells, mTORC1 and SMAD3 can interact with each other to enhance
the expression of HIF-1 and the downstream collagen expression [59]. The translational level of HIF
regulated by TGF-β1 is cell type specific. In renal tubular epithelial cells, more HIF-1α expression
is stimulated by TGF-β1/SMAD3 signaling, while in mesangial cells, HIF-2α induction is more
prevalent [58,61]. Even in normoxic condition, TGF-β1 treatment can induce HIF-1α in renal tubular
cells. One potential mechanism is that TGF-β1 treatment and SMAD2/3 activation inhibit PHD2
expression resulting in HIF-1α accumulation [60].

Moreover, HIF can also interact with other signaling pathways in renal fibrosis regulation. In
PHD2 knockout endothelial cells, HIF accumulation not only induces TGF-β1, but also significantly
enhances Notch3 expression [63]. In addition, in angiotensin II infusion model of hypertensive
chronic kidney disease, HIF-1α has been shown to be essential to initiate the glomerular injury and
progression to renal fibrosis by transcriptional activation of genes encoding multiple vasoactive
proteins. Mechanistically, the induction of endothelial HIF-1α gene expression is NFκB-dependent,
and there is a reciprocal regulation between HIF-1α and NFκB [48]. In addition, HIF can interplay
with PI3K/Akt to regulate fibrosis. HIF-1 induction in renal epithelial tubular cells can activate the
transcription of Bmi-1, which will further modulate PI3K/Akt signaling and facilitate Snail-mediated
EMT reaction to promote renal fibrosis [64]. Though not reported in kidney, in lung fibroblast, the
activation of PI3K/Akt leads to transcriptional activation and protein expression of HIF-1α, which
contributes to the fibroproliferative and collagen-inducing effects [65]. Other important signaling
pathways, such as WNT/β-catenin and Hedgehog pathways, play important roles in renal fibrosis in
CKD, but their crosstalk with HIF remains to be elucidated.

4.3. Epithelial-Meshenchymal Transition

EMT is defined as the epithelial cells undergoing the loss of cell-cell adhesion and apical-basal
polarity, mesenchymal markers expression, rearrangement of the cytoskeleton, cell–cell dissociation,
and obtaining a mesenchymal phenotype [66]. In CKD, the recent evidence implicates the absence of
full EMT, which means that renal epithelial cells may not fully convert to fibroblast during injury [67].
However, partial EMT, where renal epithelial cells may change their phenotype to be fibroblast-like
but still reside in tubules, may still have significant contribution to renal fibrosis [68–71]. Hypoxia or
HIF-induced EMT is a well-known phenomenon in renal fibrosis in CKD conditions [45,60,64,72–74].
Under hypoxic circumstances, by direct transactivation or indirect regulation, HIF can activate several
EMT transcriptional regulators such as Twist1, Snail, and Slug [64,74–76]. Specifically in kidney, HIF-1
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in renal proximal tubular cells may promote EMT when activated by hypoxia or by overexpression
in vitro [45,72]. In addition, selective knockout of HIF in mouse proximal tubular cells can remarkably
reduce interstitial fibrosis, suggesting the possibility of communication between epithelial cells
undergoing EMT and renal fibroblasts [45]. Several potential underlying mechanisms have been
reported for HIF to regulate EMT in CKD condition, which include the induction of Twist, activation
of lysyl oxidase, and the up-regulation of Bmi1 and the stabilization of Snail through PI3K/Akt
pathway [45,64,74].

4.4. Epigenetic Regulation

Epigenetics is a mechanism of regulating gene transcription by direct chemical modification of
DNA and by modification of proteins that are closely associated with the locus without changing
of DNA sequence. Common forms of epigenetic regulation include DNA methylation, histone
modification, chromosome conformation, microRNA, and long non-coding RNAs. In CKD, DNA
methylation is highly induced, which has been shown to facilitate the development of renal
fibrosis [77,78]. Meanwhile, histone methylation change has been reported in mesangial cells and
epithelial cells in diabetic condition [79,80]. In addition, histone acetylation and histone ubiquitination
are also up-regulated in fibrotic kidney [81,82]. In addition, in aging nephropathy, chromatin
conformation change contributes to the induction of collagen III with more recruitment of RNA
polymerase II for gene transcription [83]. Moreover, multiple microRNAs and long non-coding RNAs
have been implicated to promote renal fibrosis development in various CKD conditions. All the
evidence indicates the critical role of epigenetic regulation in the pathogenesis of CKD.

Even though there is intense research interest in the epigenetic regulation in renal fibrosis and
hypoxia is also a well-known condition in CKD, the involvement of HIF in epigenetic regulation
under CKD condition has not been well studied. Nevertheless, hypoxia has been reported to reduce
CTGF expression (an ECM stimulator) in human kidney epithelial cells with the involvement of DNA
methylation induction [84]. HIF also functions on the regulation of both pro-fibrotic microRNA such
as microRNA-155(miR-155) [85], and anti-fibrotic microRNAs such as miR-29 [41]. However, the
evidence of whether HIF can modulate histone modification, chromatin change or long non-coding
RNA expression in kidney is still lacking and the detailed underlying mechanism for HIF to regulate
renal cell epigenetic change in CKD remains unclear.

5. HIF in CKD-Associated Syndromes

5.1. Anemia

EPO plays an essential role in the proliferation and differentiation of erythroid progenitors and
regulation of tissue oxygen supply [86]. The adult kidney, as the main source of EPO production, is the
critical organ for the regulation of erythropoiesis. Therefore, for CKD patients, with the progression of
chronic kidney injury and renal function loss, anemia is a common complication predominantly
resulting from the deficiency of renal EPO production [87,88]. EPO is mainly synthesized in
fibroblast-like interstitial cells located in kidney [89–91]. The production of EPO is regulated in
a hypoxia-inducible manner [32]. HIF, as the main transcriptional regulator in hypoxia, was initially
identified to bind to human erythropoietin Gene Enhancer which is required for transcriptional
activation of EPO [92]. The HIF signaling pathway can modulate and coordinate erythropoiesis at
multiple levels including stimulating EPO production, promoting the uptake and utilization of iron,
and altering the bone marrow microenvironment to facilitate erythroid progenitor maturation and
proliferation [88,93]. HIF-2 is the key regulator of hypoxic EPO induction and is required for normal
erythropoiesis [94], and HIF-2 deletion from renal tissue results in severe anemia [95]. In contrast,
the role of HIF-1 in EPO production is unclear and may depend on cell types and context. PHD2
inactivation-induced HIF-2 stabilization leads to EPO overproduction, which is further increased by
co-inactivation of HIF-1 possibly because HIF-1 can promote PHD3 expression to neutralize the effect
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of PHD2 [96]. However, there is also report about HIF-1-mediated EPO production. Herpesvirus
entry mediator (HVEM) in renal macrophages was reported to promote NO production and HIF-1α
activation in kidney that further induced EPO [97]. In CKD, both HIF-1 and HIF-2 are activated,
rendering it hard to determine their effects on anemia [96]. Interestingly, even though EPO is mainly
produced by interstitial cells, HIFs in epithelial cells may play a regulatory role. HIF activation in
kidney proximal tubules via VHL-knockout led to a decrease in EPO-producing interstitial cells and
the development of hypoproliferative anemia in mice, suggesting HIF-mediated crosstalk between
epithelial cells and interstitial cells [98].

The control of EPO synthesis by HIF-2 in kidney is prominently regulated by PHD1/2/3 which
function as cellular oxygen sensors [99–103]. Kobayashi H et al. have reported that EPO-producing
cells are entirely derived from FOXD1-expressing stromal progenitor cells and identified PHD2 as
the main regulator with adjunctive regulation from PHD1 and PHD3. They showed that PHD2
inactivation alone induced renal EPO in a limited number of renal interstitial cells and hypoxia
or pharmacologic PHD inhibition further increased the renal EPO producing cell fraction among
PHD2−/− renal interstitial cells. Moreover, heterozygous deficiency for PHD1 and PHD3 further
increased renal EPO producing cell numbers in PHD2−/−mice. Therefore, PHD2 mainly regulates the
EPO producing capacity while PHD1 and PHD3 may modulate the number of renal EPO producing
cells. Because FOXD1 lineage renal interstitial cells consist of distinct subpopulations, the heterogeneity
of EPO-producing renal interstitial cells may cause variations of PHD activity levels , their ability to
regulate HIF-2α degradation, and EPO production under hypoxia conditions [104].

In addition to the direct regulation by PHDs, HIF-2 stabilization for EPO production is also under
post-translational regulation. In hypoxia, HIF-2α is rapidly acetylated by lysine acetyltransferase
cAMP-response element binding protein (CREB)-binding protein which is further controlled by
acetate-dependent acetyl CoA synthetase 2 [100,105]. This acetylation promotes HIF-2 mediated
EPO production. Soon after the acetylation, Sirt1 will be activated to selectively deacetylate the lysine
at C-terminal of HIF-2α, which will augment HIF-2α transcriptional activity [101].

In 2011, Yanagita and colleagues demonstrated that there is a specific population of interstitial
fibroblasts in kidneys that produce EPO and, during CKD development, these EPO-producing cells
(REPs) may transdifferentiate into myofibroblasts resulting in the loss of their EPO-producing ability
and anemia [106]. By live imaging, Souma T et al. [93] recently showed that healthy REPs associate
with endothelium by wrapping processes around capillaries tightly, and this association is blocked by
inflammation in renal injury resulting in the transition of REPs to myofibroblast-transformed renal
EPO-producing cells (MF-REPs). Activation of HIFs may reactivate EPO production in MF-REPs [93].
Moreover, in CKD condition, when REPs differentiate into myofibroblast, TGF-β1 signaling may cause
the hypermethylation of EPO gene, which reduces HIF-2 related EPO transactivation. Thus, anemia
can be ameliorated by 5-azacytidine treatment to inhibit DNA methyltransferases [107].

5.2. Inflammation

Hypoxia and inflammation frequently coexist and have been shown to modulate each other.
Hypoxia can affect inflammatory cell recruitment, and inflammatory factor production and secretion.
Conversely, inflammatory cells modulate the activation of hypoxic signaling pathways [108–110]. The
vital role of HIF in kidney inflammation has been shown in various kidney disease models including
CKD [18,49]. Inactivation of HIF-1 signaling in renal epithelial cells is associated with decreased
inflammatory cell infiltration in CKD and renal fibrosis condition [45]. In the remnant kidney and
Thy1 nephritis models, HIF activated by cobalt chloride reduces macrophage infiltration [111,112].
In mouse UUO model, global or conditional knockout of HIF in myeloid cells show more severe
inflammation, while HIF activation by myeloid-specific VHL-knockout only suppresses inflammation
but without obvious effect on renal fibrosis [42]. Although both HIF-1 and HIF-2 activation contribute
to inflammatory response, they have distinct roles in macrophage phenotype, as HIF-1 is more related
to M1 and HIF-2 to M2 [42]. Moreover, it is still important to maintain the physiological low level of
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HIF in normal conditions. When VHL is selectively knocked out in collecting ducts and a subset of
distal tubules, due to the over accumulation of HIF, the mice exhibit wide-spread epithelial disruption
and interstitial inflammation as early as 2 months of age with abundant infiltrating macrophages and
lymphocytes. The VHL mutant lesions can be rescued by HIF-1α knockout [22].

In endothelial cells, HIF-1 and HIF-2 may play different roles in inflammation in CKD. According
to Kalucka J et al., loss of HIF-1α in glomerular endothelial cells reduces hypoxic adhesion of
macrophages in vitro. However, in vivo work indicates that HIF-1α expression in endothelial cells
in mouse kidneys is detectable but limited. Therefore, endothelial cell-specific ablation of HIF-1α
has no effect on kidney development and no influence on renal function and adhesion molecules
expression during inflammation after UUO [53]. The limited role of endothelial HIF-1 in inflammation
is also confirmed in another study [49]. In both ischemia-reperfusion and ureteral obstruction induced
renal fibrosis models, inactivation of endothelial HIF-2α, instead of HIF-1α, can result in enhanced
inflammatory cell infiltration. Pharmacologic or genetic activation of HIF via PHD inhibition protects
against ischemic kidney injury and inflammation in wild-type animals, but not in animals lacking
endothelial HIF-2 [49]. Therefore, in endothelial cells, HIF-2, rather than HIF1, plays a major role in
regulating the inflammatory responses in CKD.

Meanwhile, HIF signaling may also be regulated by inflammatory response. In a recent
study, Yamaguchi J et al. identified CCAAT/enhancer-binding protein δ (CEBPD) as a new HIF-1
regulator [18]. CEBPD is a transcription factor originally identified as an inflammatory response
gene [113,114]. It is up-regulated in proximal tubular cells in multiple AKI and CKD models including
hypoxia injury and the induction of CEBPD further promotes the transcription of HIF-1α [18].
Currently, it is still obscure whether HIF-2 signaling can also be regulated by inflammatory response
and more evidence is still needed to elucidate the feedback of inflammation to hypoxia.

5.3. Aberrant Angiogenesis

The complicated renal vascular system governs the balance maintenance between oxygen
consumption and supply. The progression of CKD is associated with renal capillary rarefaction and
abnormal angiogenesis, leading to persistent capillary loss and hypoxia in renal tissues [7]. HIF, as the
key transcriptional regulator in hypoxia, is activated in this process resulting in the induction of various
angiogenic factors for angiogenesis [115,116]. Selective deletion of VHL in renal epithelium in mice to
stabilize HIF causes increased medullary vascularization and this phenotype is completely rescued
by HIF-1α co-deletion but not by HIF-2α co-deletion [117]. Among all uncovered angiogenic factors,
vascular endothelial growth factor (VEGF) is critical in the maintenance of peritubular capillaries.
As the direct target gene of HIF, VEGF is primarily controlled by HIF-1 [118,119]. However, excessive
VEGF expression in the tubular cells may be detrimental, because increased tubular VEGF expression
may propel fibrosis and cyst formation, and aggravate kidney injury [120,121]. Though direct evidence
of HIF-2 regulated renal angiogenesis is lacking, Skuli N et al. examined the detailed mechanism of
HIF-2 mediated vascular function and angiogenesis in muscle ischemic model [122]. Using endothelial
cell HIF-2α specifically deleted mice, they found that HIF-2α deletion resulted in increased vessel
formation and improper arteriogenesis. HIF-2α deficient endothelial cells have increased migration,
invasion, and morphogenetic activity, which are mediated by specific angiogenic factors, including
δ-like ligand 4 (Dll4), a Notch ligand, and angiopoietin 2 [122]. Collectively, these data indicate that
HIF-1 and HIF-2 may have complementary effects on vascular remodeling and angiogenesis [122].

5.4. Vascular Calcification

Cardiovascular complications are known to be the leading cause of death in patients with CKD and
vascular calcification is a common complication in CKD. The extent and histoanatomic type of vascular
calcification are effective predictors of subsequent vascular mortality in CKD patients [123]. During
CKD, multiple factors, such as oxidative stress, dyslipidemia, advanced glycation end products, and
disordered mineral metabolism, may contribute to vascular calcification [124]. All these injury factors
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dramatically increase especially when patients start dialysis [125]. During CKD, due to metabolic
disorders, the vascular smooth muscle cells may transform to a “osteoblast-like” phenotype, causing
calcium phosphate deposition in the extracellular matrix [126].

HIF-1 has been reported to play a crucial role in vascular smooth muscle cell (VSMC)
calcification [127]. During the progression of CKD, VSMC calcification and osteogenic
trans-differentiation are significantly promoted by hypoxic condition. HIF-1 depletion in VSMC
can block the calcification under hypoxia and elevated inorganic phosphate condition. Meanwhile,
HIF-1 activators can further promote inorganic phosphate induced calcification. Together, hypoxia can
synergize with elevated inorganic phosphate through HIF-1 induction to enhance VSMC osteogenic
transdifferentiation [127]. Furthermore, Bone Gla Protein (BGP), a marker for bone formation which
is induced in calcified vasculatures, may also promote HIF-1α expression and further stimulate the
calcification [128]. In addition, clinical data also implicate close relationship between HIF and vascular
calcification. Both HIF-1α and HIF-2α activation have been localized in calcified aorta valve [129,130].
Li G et al. also showed that elevated serum HIF-1α may be involved in coronary artery calcification by
analysis of the computed tomography scanning data of 405 patients with type 2 diabetes mellitus [131].
Altogether, these studies support an indispensable role of HIF in vascular calcification, making it a
potential therapeutic target.

6. Therapeutic Outlook

Given the evidence for an essential role of hypoxia and HIF in CKD initiation, progression
and related complications, HIF and related pathways may be therapeutic targets in CKD-related
pathological conditions. The use of inhibitors or stabilizers to target HIF signaling pathway for the
therapy of CKD and related complications are under intensive investigation. Some of them have
already proceeded into clinical application and more are in clinical trials [132–136].

So far, most researches of HIF signaling pathway targeted treatments are focusing on anemia
because they are more physiologic relevant than the conventional erythropoiesis-stimulating agents
(ESAs) [88,137]. HIFs coordinate a series of biological processes to induce EPO and erythropoiesis.
Several recent clinical studies have demonstrated the beneficial effects of PDH inhibitors in treating
anemia in CKD patients [132–136,138]. By blocking PHDs, these reagents induce the stabilization
and accumulation of HIFs to stimulate EPO production and effective erythropoiesis to reduce anemia
in CKD [139,140]. One advantage of PHD inhibitors (or HIF stabilizers) comparing to traditional
treatments is that these agents are administered orally, which is remarkably helpful for both patients
not entering dialysis and those under peritoneal dialysis [141]. Furthermore, HIF stabilizers induce
physiological EPO production, not like ESA therapies that may cause abnormal and harmful high peak
EPO [142].

Although the application of HIF-targeted therapies has led to notable advances in treating anemia
of CKD, it also has some disadvantages or limitations. First, HIF and hypoxia are involved in the
regulation of diverse biological procedures. Persistent HIF activation over prolonged periods may
cause extra side effects, including changes in glucose levels, fat and cholesterol metabolism, and the
possible promotion of tumor growth [141]. Furthermore, because HIF have different pathological roles
in distinct renal cells in CKD, it is a challenge to prevent the potential adverse effect on the development
of renal fibrosis, angiogenesis, and vascular calcification by global activation of HIF. Therefore, despite
the promising outcome of targeting HIF therapy in certain CKD and related complications, further
research needs to delineate the possible adverse effects and design more specific therapeutic strategies.

Acknowledgments: The study was supported in part by grants from National Natural Science Foundation of
China (81370791, 81570622, 81430017), the National Institutes of Health (2R01DK058831, 1R01 DK087843) of USA,
and Department of Veterans Administration (5I01BX000319) of USA.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the writing
of the manuscript, and in the decision to publish the results.



Int. J. Mol. Sci. 2017, 18, 950 10 of 17

References

1. Zhang, L.; Wang, F.; Wang, L.; Wang, W.; Liu, B.; Liu, J.; Chen, M.; He, Q.; Liao, Y.; Yu, X.; et al. Prevalence of
chronic kidney disease in China: A cross-sectional survey. Lancet 2012, 379, 815–822. [CrossRef]

2. Fu, Q.; Colgan, S.P.; Shelley, C.S. Hypoxia: The force that drives chronic kidney disease. Clin. Med. Res. 2016,
14, 15–39. [CrossRef] [PubMed]

3. Hirakawa, Y.; Tanaka, T.; Nangaku, M. Renal hypoxia in CKD; Pathophysiology and detecting methods.
Front. Physiol. 2017, 8, 99. [CrossRef] [PubMed]

4. Liu, M.; Ning, X.; Li, R.; Yang, Z.; Yang, X.; Sun, S.; Qian, Q. Signalling pathways involved in hypoxia-induced
renal fibrosis. J. Cell. Mol. Med. 2017. [CrossRef] [PubMed]

5. Tanaka, T. Expanding roles of the hypoxia-response network in chronic kidney disease. Clin. Exp. Nephrol.
2016, 20, 835–844. [CrossRef] [PubMed]

6. Tanaka, T. A mechanistic link between renal ischemia and fibrosis. Med. Mol. Morphol. 2017, 50, 1–8.
[CrossRef] [PubMed]

7. Nangaku, M. Chronic hypoxia and tubulointerstitial injury: A final common pathway to end-stage renal
failure. J. Am. Soc. Nephrol. 2006, 17, 17–25. [CrossRef] [PubMed]

8. Kang, D.H.; Hughes, J.; Mazzali, M.; Schreiner, G.F.; Johnson, R.J. Impaired angiogenesis in the remnant
kidney model: II. Vascular endothelial growth factor administration reduces renal fibrosis and stabilizes
renal function. J. Am. Soc. Nephrol. 2001, 12, 1448–1457. [PubMed]

9. Matsumoto, M.; Tanaka, T.; Yamamoto, T.; Noiri, E.; Miyata, T.; Inagi, R.; Fujita, T.; Nangaku, M.
Hypoperfusion of peritubular capillaries induces chronic hypoxia before progression of tubulointerstitial
injury in a progressive model of rat glomerulonephritis. J. Am. Soc. Nephrol. 2004, 15, 1574–1581. [CrossRef]
[PubMed]

10. Kang, D.H.; Kanellis, J.; Hugo, C.; Truong, L.; Anderson, S.; Kerjaschki, D.; Schreiner, G.F.; Johnson, R.J.
Role of the microvascular endothelium in progressive renal disease. J. Am. Soc. Nephrol. 2002, 13, 806–816.
[CrossRef] [PubMed]

11. Ratcliffe, P.J. Oxygen sensing and hypoxia signalling pathways in animals: The implications of physiology
for cancer. J. Physiol. 2013, 591, 2027–2042. [CrossRef] [PubMed]

12. Semenza, G.L. Oxygen sensing, homeostasis, and disease. N. Engl. J. Med. 2011, 365, 537–547. [CrossRef]
[PubMed]

13. Semenza, G.L. Oxygen homeostasis. Wiley Interdiscip. Rev. Syst. Biol. Med. 2010, 2, 336–361. [CrossRef]
[PubMed]

14. Semenza, G.L. Hydroxylation of HIF-1: Oxygen sensing at the molecular level. Physiology (Bethesda) 2004, 19,
176–182. [CrossRef] [PubMed]

15. Mahon, P.C.; Hirota, K.; Semenza, G.L. FIH-1: A novel protein that interacts with HIF-1α and VHL to
mediate repression of HIF-1 transcriptional activity. Genes Dev. 2001, 15, 2675–2686. [CrossRef] [PubMed]

16. Lando, D.; Peet, D.J.; Gorman, J.J.; Whelan, D.A.; Whitelaw, M.L.; Bruick, R.K. FIH-1 is an asparaginyl
hydroxylase enzyme that regulates the transcriptional activity of hypoxia-inducible factor. Genes Dev. 2002,
16, 1466–1471. [CrossRef] [PubMed]

17. Chen, Y.H.; Comeaux, L.M.; Eyles, S.J.; Knapp, M.J. Auto-hydroxylation of FIH-1: An Fe(II),
α-ketoglutarate-dependent human hypoxia sensor. Chem. Commun. (Camb.) 2008, 4768–4770. [CrossRef]
[PubMed]

18. Yamaguchi, J.; Tanaka, T.; Eto, N.; Nangaku, M. Inflammation and hypoxia linked to renal injury by
CCAAT/enhancer-binding protein δ. Kidney Int. 2015, 88, 262–275. [CrossRef] [PubMed]

19. Kaelin, W.G., Jr. The von Hippel-Lindau tumour suppressor protein: O2 sensing and cancer. Nat. Rev. Cancer
2008, 8, 865–873. [CrossRef] [PubMed]

20. Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic, A.; Asara, J.M.; Lane, W.S.; Kaelin, W.G., Jr.
HIFα targeted for VHL-mediated destruction by proline hydroxylation: implications for O2 sensing. Science
2001, 292, 464–468. [CrossRef] [PubMed]

21. Kaelin, W.G., Jr.; Ratcliffe, P.J. Oxygen sensing by metazoans: The central role of the HIF hydroxylase
pathway. Mol. Cell 2008, 30, 393–402. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(12)60033-6
http://dx.doi.org/10.3121/cmr.2015.1282
http://www.ncbi.nlm.nih.gov/pubmed/26847481
http://dx.doi.org/10.3389/fphys.2017.00099
http://www.ncbi.nlm.nih.gov/pubmed/28270773
http://dx.doi.org/10.1111/jcmm.13060
http://www.ncbi.nlm.nih.gov/pubmed/28097825
http://dx.doi.org/10.1007/s10157-016-1241-4
http://www.ncbi.nlm.nih.gov/pubmed/26857707
http://dx.doi.org/10.1007/s00795-016-0146-3
http://www.ncbi.nlm.nih.gov/pubmed/27438710
http://dx.doi.org/10.1681/ASN.2005070757
http://www.ncbi.nlm.nih.gov/pubmed/16291837
http://www.ncbi.nlm.nih.gov/pubmed/11423573
http://dx.doi.org/10.1097/01.ASN.0000128047.13396.48
http://www.ncbi.nlm.nih.gov/pubmed/15153568
http://dx.doi.org/10.1097/01.ASN.0000034910.58454.FD
http://www.ncbi.nlm.nih.gov/pubmed/11856789
http://dx.doi.org/10.1113/jphysiol.2013.251470
http://www.ncbi.nlm.nih.gov/pubmed/23401619
http://dx.doi.org/10.1056/NEJMra1011165
http://www.ncbi.nlm.nih.gov/pubmed/21830968
http://dx.doi.org/10.1002/wsbm.69
http://www.ncbi.nlm.nih.gov/pubmed/20836033
http://dx.doi.org/10.1152/physiol.00001.2004
http://www.ncbi.nlm.nih.gov/pubmed/15304631
http://dx.doi.org/10.1101/gad.924501
http://www.ncbi.nlm.nih.gov/pubmed/11641274
http://dx.doi.org/10.1101/gad.991402
http://www.ncbi.nlm.nih.gov/pubmed/12080085
http://dx.doi.org/10.1039/b809099h
http://www.ncbi.nlm.nih.gov/pubmed/18830487
http://dx.doi.org/10.1038/ki.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/25692954
http://dx.doi.org/10.1038/nrc2502
http://www.ncbi.nlm.nih.gov/pubmed/18923434
http://dx.doi.org/10.1126/science.1059817
http://www.ncbi.nlm.nih.gov/pubmed/11292862
http://dx.doi.org/10.1016/j.molcel.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18498744


Int. J. Mol. Sci. 2017, 18, 950 11 of 17

22. Pritchett, T.L.; Bader, H.L.; Henderson, J.; Hsu, T. Conditional inactivation of the mouse von Hippel-Lindau
tumor suppressor gene results in wide-spread hyperplastic, inflammatory and fibrotic lesions in the kidney.
Oncogene 2015, 34, 2631–2639. [CrossRef] [PubMed]

23. Haase, V.H. Hypoxic regulation of erythropoiesis and iron metabolism. Am. J. Physiol. Renal Physiol. 2010,
299, F1–F13. [CrossRef] [PubMed]

24. Suzuki, N.; Obara, N.; Pan, X.; Watanabe, M.; Jishage, K.; Minegishi, N.; Yamamoto, M. Specific contribution
of the erythropoietin gene 3′ ′ enhancer to hepatic erythropoiesis after late embryonic stages. Mol. Cell. Biol.
2011, 31, 3896–3905. [CrossRef] [PubMed]

25. Pugh, C.W. Modulation of the Hypoxic Response. Adv. Exp. Med. Biol. 2016, 903, 259–271. [PubMed]
26. Gu, Y.Z.; Moran, S.M.; Hogenesch, J.B.; Wartman, L.; Bradfield, C.A. Molecular characterization and

chromosomal localization of a third α-class hypoxia inducible factor subunit, HIF3α. Gene Expr. 1998,
7, 205–213. [PubMed]

27. Minamishima, Y.A.; Kaelin, W.G., Jr. Reactivation of hepatic EPO synthesis in mice after PHD loss. Science
2010, 329, 407. [CrossRef] [PubMed]

28. Wiesener, M.S.; Jurgensen, J.S.; Rosenberger, C.; Scholze, C.K.; Horstrup, J.H.; Warnecke, C.; Mandriota, S.;
Bechmann, I.; Frei, U.A.; Pugh, C.W.; et al. Widespread hypoxia-inducible expression of HIF-2α in distinct
cell populations of different organs. FASEB J. 2003, 17, 271–273. [PubMed]

29. Koh, M.Y.; Powis, G. Passing the baton: The HIF switch. Trends Biochem. Sci. 2012, 37, 364–372. [CrossRef]
[PubMed]

30. Bartoszewska, S.; Kochan, K.; Piotrowski, A.; Kamysz, W.; Ochocka, R.J.; Collawn, J.F.; Bartoszewski, R.
The hypoxia-inducible miR-429 regulates hypoxia-inducible factor-1α expression in human endothelial cells
through a negative feedback loop. FASEB J. 2015, 29, 1467–1479. [CrossRef] [PubMed]

31. Gunaratnam, L.; Bonventre, J.V. HIF in kidney disease and development. J. Am. Soc. Nephrol. 2009, 20,
1877–1887. [CrossRef] [PubMed]

32. Haase, V.H. Regulation of erythropoiesis by hypoxia-inducible factors. Blood Rev. 2013, 27, 41–53. [CrossRef]
[PubMed]

33. Rosenberger, C.; Mandriota, S.; Jurgensen, J.S.; Wiesener, M.S.; Horstrup, J.H.; Frei, U.; Ratcliffe, P.J.;
Maxwell, P.H.; Bachmann, S.; Eckardt, K.U. Expression of hypoxia-inducible factor-1α and -2α in hypoxic
and ischemic rat kidneys. J. Am. Soc. Nephrol. 2002, 13, 1721–1732. [CrossRef] [PubMed]

34. Tanaka, T.; Wiesener, M.; Bernhardt, W.; Eckardt, K.U.; Warnecke, C. The human HIF (hypoxia-inducible
factor)-3α gene is a HIF-1 target gene and may modulate hypoxic gene induction. Biochem. J. 2009, 424,
143–151. [CrossRef] [PubMed]

35. Heikkila, M.; Pasanen, A.; Kivirikko, K.I.; Myllyharju, J. Roles of the human hypoxia-inducible factor
(HIF)-3α variants in the hypoxia response. Cell. Mol. Life Sci. 2011, 68, 3885–3901. [CrossRef] [PubMed]

36. Ando, H.; Natsume, A.; Iwami, K.; Ohka, F.; Kuchimaru, T.; Kizaka-Kondoh, S.; Ito, K.; Saito, K.; Sugita, S.;
Hoshino, T.; et al. A hypoxia-inducible factor (HIF)-3α splicing variant, HIF-3α4 impairs angiogenesis
in hypervascular malignant meningiomas with epigenetically silenced HIF-3α4. Biochem. Biophys. Res.
Commun. 2013, 433, 139–144. [CrossRef] [PubMed]

37. Zhang, P.; Yao, Q.; Lu, L.; Li, Y.; Chen, P.J.; Duan, C. Hypoxia-inducible factor 3 is an oxygen-dependent
transcription activator and regulates a distinct transcriptional response to hypoxia. Cell Rep. 2014, 6,
1110–1121. [CrossRef] [PubMed]

38. Li, Q.F.; Wang, X.R.; Yang, Y.W.; Lin, H. Hypoxia upregulates hypoxia inducible factor (HIF)-3α expression
in lung epithelial cells: characterization and comparison with HIF-1α. Cell Res. 2006, 16, 548–558. [CrossRef]
[PubMed]

39. Li, H.; Satriano, J.; Thomas, J.L.; Miyamoto, S.; Sharma, K.; Pastor-Soler, N.M.; Hallows, K.R.; Singh, P.
Interactions between HIF-1α and AMPK in the regulation of cellular hypoxia adaptation in chronic kidney
disease. Am. J. Physiol. Renal Physiol. 2015, 309, F414–F428. [CrossRef] [PubMed]

40. Kapitsinou, P.P.; Jaffe, J.; Michael, M.; Swan, C.E.; Duffy, K.J.; Erickson-Miller, C.L.; Haase, V.H. Preischemic
targeting of HIF prolyl hydroxylation inhibits fibrosis associated with acute kidney injury. Am. J. Physiol.
Renal Physiol. 2012, 302, F1172–F1179. [CrossRef] [PubMed]

41. Fang, Y.; Yu, X.; Liu, Y.; Kriegel, A.J.; Heng, Y.; Xu, X.; Liang, M.; Ding, X. miR-29c is downregulated in renal
interstitial fibrosis in humans and rats and restored by HIF-α activation. Am. J. Physiol. Renal Physiol. 2013,
304, F1274–F1282. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/onc.2014.197
http://www.ncbi.nlm.nih.gov/pubmed/25023703
http://dx.doi.org/10.1152/ajprenal.00174.2010
http://www.ncbi.nlm.nih.gov/pubmed/20444740
http://dx.doi.org/10.1128/MCB.05463-11
http://www.ncbi.nlm.nih.gov/pubmed/21746884
http://www.ncbi.nlm.nih.gov/pubmed/27343102
http://www.ncbi.nlm.nih.gov/pubmed/9840812
http://dx.doi.org/10.1126/science.1192811
http://www.ncbi.nlm.nih.gov/pubmed/20651146
http://www.ncbi.nlm.nih.gov/pubmed/12490539
http://dx.doi.org/10.1016/j.tibs.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22818162
http://dx.doi.org/10.1096/fj.14-267054
http://www.ncbi.nlm.nih.gov/pubmed/25550463
http://dx.doi.org/10.1681/ASN.2008070804
http://www.ncbi.nlm.nih.gov/pubmed/19118148
http://dx.doi.org/10.1016/j.blre.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23291219
http://dx.doi.org/10.1097/01.ASN.0000017223.49823.2A
http://www.ncbi.nlm.nih.gov/pubmed/12089367
http://dx.doi.org/10.1042/BJ20090120
http://www.ncbi.nlm.nih.gov/pubmed/19694616
http://dx.doi.org/10.1007/s00018-011-0679-5
http://www.ncbi.nlm.nih.gov/pubmed/21479871
http://dx.doi.org/10.1016/j.bbrc.2013.02.044
http://www.ncbi.nlm.nih.gov/pubmed/23485455
http://dx.doi.org/10.1016/j.celrep.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24613356
http://dx.doi.org/10.1038/sj.cr.7310072
http://www.ncbi.nlm.nih.gov/pubmed/16775626
http://dx.doi.org/10.1152/ajprenal.00463.2014
http://www.ncbi.nlm.nih.gov/pubmed/26136559
http://dx.doi.org/10.1152/ajprenal.00667.2011
http://www.ncbi.nlm.nih.gov/pubmed/22262480
http://dx.doi.org/10.1152/ajprenal.00287.2012
http://www.ncbi.nlm.nih.gov/pubmed/23467423


Int. J. Mol. Sci. 2017, 18, 950 12 of 17

42. Kobayashi, H.; Gilbert, V.; Liu, Q.; Kapitsinou, P.P.; Unger, T.L.; Rha, J.; Rivella, S.; Schlondorff, D.;
Haase, V.H. Myeloid cell-derived hypoxia-inducible factor attenuates inflammation in unilateral ureteral
obstruction-induced kidney injury. J. Immunol. 2012, 188, 5106–5115. [CrossRef] [PubMed]

43. Wang, Z.; Zhu, Q.; Li, P.L.; Dhaduk, R.; Zhang, F.; Gehr, T.W.; Li, N. Silencing of hypoxia-inducible factor-1α
gene attenuates chronic ischemic renal injury in two-kidney, one-clip rats. Am. J. Physiol. Renal Physiol. 2014,
306, F1236–F1242. [CrossRef] [PubMed]

44. Zhu, Q.; Wang, Z.; Xia, M.; Li, P.L.; van Tassell, B.W.; Abbate, A.; Dhaduk, R.; Li, N. Silencing of
hypoxia-inducible factor-1α gene attenuated angiotensin II-induced renal injury in Sprague-Dawley rats.
Hypertension 2011, 58, 657–664. [CrossRef] [PubMed]

45. Higgins, D.F.; Kimura, K.; Bernhardt, W.M.; Shrimanker, N.; Akai, Y.; Hohenstein, B.; Saito, Y.; Johnson, R.S.;
Kretzler, M.; Cohen, C.D.; et al. Hypoxia promotes fibrogenesis in vivo via HIF-1 stimulation of
epithelial-to-mesenchymal transition. J. Clin. Investig. 2007, 117, 3810–3820. [CrossRef] [PubMed]

46. Kimura, K.; Iwano, M.; Higgins, D.F.; Yamaguchi, Y.; Nakatani, K.; Harada, K.; Kubo, A.; Akai, Y.; Rankin, E.B.;
Neilson, E.G.; et al. Stable expression of HIF-1α in tubular epithelial cells promotes interstitial fibrosis. Am. J.
Physiol. Renal Physiol. 2008, 295, F1023–F1029. [CrossRef] [PubMed]

47. Dallatu, M.K.; Choi, M.; Oyekan, A.O. Inhibition of prolyl hydroxylase domain-containing protein on
hypertension/renal injury induced by high salt diet and nitric oxide withdrawal. J. Hypertens 2013, 31,
2043–2049. [CrossRef] [PubMed]

48. Luo, R.; Zhang, W.; Zhao, C.; Zhang, Y.; Wu, H.; Jin, J.; Zhang, W.; Grenz, A.; Eltzschig, H.K.;
Tao, L.; et al. Elevated endothelial hypoxia-inducible factor-1α contributes to glomerular injury and promotes
hypertensive chronic kidney disease. Hypertension 2015, 66, 75–84. [CrossRef] [PubMed]

49. Kapitsinou, P.P.; Sano, H.; Michael, M.; Kobayashi, H.; Davidoff, O.; Bian, A.; Yao, B.; Zhang, M.Z.;
Harris, R.C.; Duffy, K.J.; et al. Endothelial HIF-2 mediates protection and recovery from ischemic kidney
injury. J. Clin. Investig. 2014, 124, 2396–2409. [CrossRef] [PubMed]

50. Wang, Z.; Tang, L.; Zhu, Q.; Yi, F.; Zhang, F.; Li, P.L.; Li, N. Hypoxia-inducible factor-1α contributes to
the profibrotic action of angiotensin II in renal medullary interstitial cells. Kidney Int. 2011, 79, 300–310.
[CrossRef] [PubMed]

51. Baumann, B.; Hayashida, T.; Liang, X.; Schnaper, H.W. Hypoxia-inducible factor-1α promotes
glomerulosclerosis and regulates COL1A2 expression through interactions with Smad3. Kidney Int. 2016, 90,
797–808. [CrossRef] [PubMed]

52. Kushida, N.; Nomura, S.; Mimura, I.; Fujita, T.; Yamamoto, S.; Nangaku, M.; Aburatani, H. Hypoxia-Inducible
Factor-1α Activates the Transforming Growth Factor-β/SMAD3 Pathway in Kidney Tubular Epithelial Cells.
Am. J. Nephrol. 2016, 44, 276–285. [CrossRef] [PubMed]

53. Kalucka, J.; Schley, G.; Georgescu, A.; Klanke, B.; Rossler, S.; Baumgartl, J.; Velden, J.; Amann, K.; Willam, C.;
Johnson, R.S.; et al. Kidney injury is independent of endothelial HIF-1α. J. Mol. Med. (Berl.) 2015, 93, 891–904.
[CrossRef] [PubMed]

54. Li, X.; Kimura, H.; Hirota, K.; Kasuno, K.; Torii, K.; Okada, T.; Kurooka, H.; Yokota, Y.; Yoshida, H. Synergistic
effect of hypoxia and TNF-α on production of PAI-1 in human proximal renal tubular cells. Kidney Int. 2005,
68, 569–583. [CrossRef] [PubMed]

55. Kietzmann, T.; Roth, U.; Jungermann, K. Induction of the plasminogen activator inhibitor-1 gene expression
by mild hypoxia via a hypoxia response element binding the hypoxia-inducible factor-1 in rat hepatocytes.
Blood 1999, 94, 4177–4185. [PubMed]

56. Norman, J.T.; Clark, I.M.; Garcia, P.L. Hypoxia promotes fibrogenesis in human renal fibroblasts. Kidney Int.
2000, 58, 2351–2366. [CrossRef] [PubMed]

57. Gilkes, D.M.; Bajpai, S.; Chaturvedi, P.; Wirtz, D.; Semenza, G.L. Hypoxia-inducible factor 1 (HIF-1)
promotes extracellular matrix remodeling under hypoxic conditions by inducing P4HA1, P4HA2, and
PLOD2 expression in fibroblasts. J. Biol. Chem. 2013, 288, 10819–10829. [CrossRef] [PubMed]

58. Hanna, C.; Hubchak, S.C.; Liang, X.; Rozen-Zvi, B.; Schumacker, P.T.; Hayashida, T.; Schnaper, H.W.
Hypoxia-inducible factor-2α and TGF-β signaling interact to promote normoxic glomerular fibrogenesis.
Am. J. Physiol. Renal Physiol. 2013, 305, F1323–F1331. [CrossRef] [PubMed]

59. Rozen-Zvi, B.; Hayashida, T.; Hubchak, S.C.; Hanna, C.; Platanias, L.C.; Schnaper, H.W. TGF-β/Smad3
activates mammalian target of rapamycin complex-1 to promote collagen production by increasing HIF-1α
expression. Am. J. Physiol. Renal Physiol. 2013, 305, F485–F494. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.1103377
http://www.ncbi.nlm.nih.gov/pubmed/22490864
http://dx.doi.org/10.1152/ajprenal.00673.2013
http://www.ncbi.nlm.nih.gov/pubmed/24623146
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.177626
http://www.ncbi.nlm.nih.gov/pubmed/21896938
http://dx.doi.org/10.1172/JCI30487
http://www.ncbi.nlm.nih.gov/pubmed/18037992
http://dx.doi.org/10.1152/ajprenal.90209.2008
http://www.ncbi.nlm.nih.gov/pubmed/18667485
http://dx.doi.org/10.1097/HJH.0b013e32836356a0
http://www.ncbi.nlm.nih.gov/pubmed/23811999
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05578
http://www.ncbi.nlm.nih.gov/pubmed/25987665
http://dx.doi.org/10.1172/JCI69073
http://www.ncbi.nlm.nih.gov/pubmed/24789906
http://dx.doi.org/10.1038/ki.2010.326
http://www.ncbi.nlm.nih.gov/pubmed/20881940
http://dx.doi.org/10.1016/j.kint.2016.05.026
http://www.ncbi.nlm.nih.gov/pubmed/27503806
http://dx.doi.org/10.1159/000449323
http://www.ncbi.nlm.nih.gov/pubmed/27607351
http://dx.doi.org/10.1007/s00109-015-1264-4
http://www.ncbi.nlm.nih.gov/pubmed/25754172
http://dx.doi.org/10.1111/j.1523-1755.2005.00435.x
http://www.ncbi.nlm.nih.gov/pubmed/16014034
http://www.ncbi.nlm.nih.gov/pubmed/10590062
http://dx.doi.org/10.1046/j.1523-1755.2000.00419.x
http://www.ncbi.nlm.nih.gov/pubmed/11115069
http://dx.doi.org/10.1074/jbc.M112.442939
http://www.ncbi.nlm.nih.gov/pubmed/23423382
http://dx.doi.org/10.1152/ajprenal.00155.2013
http://www.ncbi.nlm.nih.gov/pubmed/23946285
http://dx.doi.org/10.1152/ajprenal.00215.2013
http://www.ncbi.nlm.nih.gov/pubmed/23761672


Int. J. Mol. Sci. 2017, 18, 950 13 of 17

60. Han, W.Q.; Zhu, Q.; Hu, J.; Li, P.L.; Zhang, F.; Li, N. Hypoxia-inducible factor prolyl-hydroxylase-2 mediates
transforming growth factor β 1-induced epithelial-mesenchymal transition in renal tubular cells. Biochim.
Biophys. Acta 2013, 1833, 1454–1462. [CrossRef] [PubMed]

61. Basu, R.K.; Hubchak, S.; Hayashida, T.; Runyan, C.E.; Schumacker, P.T.; Schnaper, H.W. Interdependence of
HIF-1α and TGF-β/Smad3 signaling in normoxic and hypoxic renal epithelial cell collagen expression. Am.
J. Physiol. Renal Physiol. 2011, 300, F898–F905. [CrossRef] [PubMed]

62. Higgins, D.F.; Biju, M.P.; Akai, Y.; Wutz, A.; Johnson, R.S.; Haase, V.H. Hypoxic induction of CTGF is directly
mediated by HIF-1. Am. J. Physiol. Renal Physiol. 2004, 287, F1223–F1232. [CrossRef] [PubMed]

63. Wang, S.; Zeng, H.; Chen, S.T.; Zhou, L.; Xie, X.J.; He, X.; Tao, Y.K.; Tuo, Q.H.; Deng, C.; Liao, D.F.; et al.
Ablation of endothelial prolyl hydroxylase domain protein-2 promotes renal vascular remodelling and
fibrosis in mice. J. Cell. Mol. Med. 2017. [CrossRef] [PubMed]

64. Du, R.; Xia, L.; Ning, X.; Liu, L.; Sun, W.; Huang, C.; Wang, H.; Sun, S. Hypoxia-induced Bmi1 promotes
renal tubular epithelial cell-mesenchymal transition and renal fibrosis via PI3K/Akt signal. Mol. Biol. Cell
2014, 25, 2650–2659. [CrossRef] [PubMed]

65. Lu, Y.; Azad, N.; Wang, L.; Iyer, A.K.; Castranova, V.; Jiang, B.H.; Rojanasakul, Y. Phosphatidylinositol-
3-kinase/akt regulates bleomycin-induced fibroblast proliferation and collagen production. Am. J. Respir.
Cell. Mol. Biol. 2010, 42, 432–441. [CrossRef] [PubMed]

66. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.
Cell. Biol. 2014, 15, 178–196. [CrossRef] [PubMed]

67. Humphreys, B.D.; Lin, S.L.; Kobayashi, A.; Hudson, T.E.; Nowlin, B.T.; Bonventre, J.V.; Valerius, M.T.;
McMahon, A.P.; Duffield, J.S. Fate tracing reveals the pericyte and not epithelial origin of myofibroblasts in
kidney fibrosis. Am. J. Pathol. 2010, 176, 85–97. [CrossRef] [PubMed]

68. Grgic, I.; Campanholle, G.; Bijol, V.; Wang, C.; Sabbisetti, V.S.; Ichimura, T.; Humphreys, B.D.; Bonventre, J.V.
Targeted proximal tubule injury triggers interstitial fibrosis and glomerulosclerosis. Kidney Int. 2012, 82,
172–183. [CrossRef] [PubMed]

69. Bonventre, J.V. Primary proximal tubule injury leads to epithelial cell cycle arrest, fibrosis, vascular
rarefaction, and glomerulosclerosis. Kidney Int. Suppl. 2014, 4, 39–44. [CrossRef] [PubMed]

70. Lovisa, S.; LeBleu, V.S.; Tampe, B.; Sugimoto, H.; Vadnagara, K.; Carstens, J.L.; Wu, C.C.; Hagos, Y.;
Burckhardt, B.C.; Pentcheva-Hoang, T.; et al. Epithelial-to-mesenchymal transition induces cell cycle arrest
and parenchymal damage in renal fibrosis. Nat. Med. 2015, 21, 998–1009. [CrossRef] [PubMed]

71. Grande, M.T.; Sanchez-Laorden, B.; Lopez-Blau, C.; de Frutos, C.A.; Boutet, A.; Arevalo, M.; Rowe, R.G.;
Weiss, S.J.; Lopez-Novoa, J.M.; Nieto, M.A. Snail1-induced partial epithelial-to-mesenchymal transition
drives renal fibrosis in mice and can be targeted to reverse established disease. Nat. Med. 2015, 21, 989–997.
[CrossRef] [PubMed]

72. Luo, L.; Luo, G.; Fang, Q.; Sun, Z. Stable expression of hypoxia-inducible factor-1α in human renal proximal
tubular epithelial cells promotes epithelial to mesenchymal transition. Transplant. Proc. 2014, 46, 130–134.
[CrossRef] [PubMed]

73. Tang, L.; Li, H.; Gou, R.; Cheng, G.; Guo, Y.; Fang, Y.; Chen, F. Endothelin-1 mediated high glucose-induced
epithelial-mesenchymal transition in renal tubular cells. Diabetes Res. Clin. Pract. 2014, 104, 176–182.
[CrossRef] [PubMed]

74. Sun, S.; Ning, X.; Zhang, Y.; Lu, Y.; Nie, Y.; Han, S.; Liu, L.; Du, R.; Xia, L.; He, L.; et al.
Hypoxia-inducible factor-1α induces Twist expression in tubular epithelial cells subjected to hypoxia,
leading to epithelial-to-mesenchymal transition. Kidney Int. 2009, 75, 1278–1287. [CrossRef] [PubMed]

75. Yang, M.H.; Wu, K.J. TWIST activation by hypoxia inducible factor-1 (HIF-1): Implications in metastasis and
development. Cell Cycle 2008, 7, 2090–2096. [CrossRef] [PubMed]

76. Evans, A.J.; Russell, R.C.; Roche, O.; Burry, T.N.; Fish, J.E.; Chow, V.W.; Kim, W.Y.; Saravanan, A.;
Maynard, M.A.; Gervais, M.L.; et al. VHL promotes E2 box-dependent E-cadherin transcription by
HIF-mediated regulation of SIP1 and snail. Mol. Cell. Biol. 2007, 27, 157–169. [CrossRef] [PubMed]

77. Bechtel, W.; McGoohan, S.; Zeisberg, E.M.; Muller, G.A.; Kalbacher, H.; Salant, D.J.; Muller, C.A.; Kalluri, R.;
Zeisberg, M. Methylation determines fibroblast activation and fibrogenesis in the kidney. Nat. Med. 2010, 16,
544–550. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbamcr.2013.02.029
http://www.ncbi.nlm.nih.gov/pubmed/23466866
http://dx.doi.org/10.1152/ajprenal.00335.2010
http://www.ncbi.nlm.nih.gov/pubmed/21209004
http://dx.doi.org/10.1152/ajprenal.00245.2004
http://www.ncbi.nlm.nih.gov/pubmed/15315937
http://dx.doi.org/10.1111/jcmm.13117
http://www.ncbi.nlm.nih.gov/pubmed/28266128
http://dx.doi.org/10.1091/mbc.E14-01-0044
http://www.ncbi.nlm.nih.gov/pubmed/25009285
http://dx.doi.org/10.1165/rcmb.2009-0002OC
http://www.ncbi.nlm.nih.gov/pubmed/19520917
http://dx.doi.org/10.1038/nrm3758
http://www.ncbi.nlm.nih.gov/pubmed/24556840
http://dx.doi.org/10.2353/ajpath.2010.090517
http://www.ncbi.nlm.nih.gov/pubmed/20008127
http://dx.doi.org/10.1038/ki.2012.20
http://www.ncbi.nlm.nih.gov/pubmed/22437410
http://dx.doi.org/10.1038/kisup.2014.8
http://www.ncbi.nlm.nih.gov/pubmed/26310195
http://dx.doi.org/10.1038/nm.3902
http://www.ncbi.nlm.nih.gov/pubmed/26236991
http://dx.doi.org/10.1038/nm.3901
http://www.ncbi.nlm.nih.gov/pubmed/26236989
http://dx.doi.org/10.1016/j.transproceed.2013.06.024
http://www.ncbi.nlm.nih.gov/pubmed/24507038
http://dx.doi.org/10.1016/j.diabres.2013.12.021
http://www.ncbi.nlm.nih.gov/pubmed/24447812
http://dx.doi.org/10.1038/ki.2009.62
http://www.ncbi.nlm.nih.gov/pubmed/19279556
http://dx.doi.org/10.4161/cc.7.14.6324
http://www.ncbi.nlm.nih.gov/pubmed/18635960
http://dx.doi.org/10.1128/MCB.00892-06
http://www.ncbi.nlm.nih.gov/pubmed/17060462
http://dx.doi.org/10.1038/nm.2135
http://www.ncbi.nlm.nih.gov/pubmed/20418885


Int. J. Mol. Sci. 2017, 18, 950 14 of 17

78. Sun, C.Y.; Chang, S.C.; Wu, M.S. Suppression of Klotho expression by protein-bound uremic toxins is
associated with increased DNA methyltransferase expression and DNA hypermethylation. Kidney Int. 2012,
81, 640–650. [CrossRef] [PubMed]

79. Sun, G.; Reddy, M.A.; Yuan, H.; Lanting, L.; Kato, M.; Natarajan, R. Epigenetic histone methylation modulates
fibrotic gene expression. J. Am. Soc. Nephrol. 2010, 21, 2069–2080. [CrossRef] [PubMed]

80. Zhou, X.; Zang, X.; Ponnusamy, M.; Masucci, M.V.; Tolbert, E.; Gong, R.; Zhao, T.C.; Liu, N.; Bayliss, G.;
Dworkin, L.D.; et al. Enhancer of zeste homolog 2 inhibition attenuates renal fibrosis by maintaining smad7
and phosphatase and tensin homolog expression. J. Am. Soc. Nephrol. 2016, 27, 2092–2108. [CrossRef]
[PubMed]

81. Deb, D.K.; Bao, R.; Li, Y.C. Critical role of the cAMP-PKA pathway in hyperglycemia-induced epigenetic
activation of fibrogenic program in the kidney. FASEB J. 2017. [CrossRef] [PubMed]

82. Goru, S.K.; Kadakol, A.; Pandey, A.; Malek, V.; Sharma, N.; Gaikwad, A.B. Histone H2AK119 and H2BK120
mono-ubiquitination modulate SET7/9 and SUV39H1 in type 1 diabetes-induced renal fibrosis. Biochem. J.
2016, 473, 3937–3949. [CrossRef] [PubMed]

83. Abrass, C.K.; Hansen, K.; Popov, V.; Denisenko, O. Alterations in chromatin are associated with increases in
collagen III expression in aging nephropathy. Am. J. Physiol. Renal Physiol. 2011, 300, F531–F539. [CrossRef]
[PubMed]

84. Kroening, S.; Neubauer, E.; Wullich, B.; Aten, J.; Goppelt-Struebe, M. Characterization of connective tissue
growth factor expression in primary cultures of human tubular epithelial cells: modulation by hypoxia.
Am. J. Physiol. Renal Physiol. 2010, 298, F796–F806. [CrossRef] [PubMed]

85. Xie, S.; Chen, H.; Li, F.; Wang, S.; Guo, J. Hypoxia-induced microRNA-155 promotes fibrosis in proximal
tubule cells. Mol. Med. Rep. 2015, 11, 4555–4560. [CrossRef] [PubMed]

86. Wu, H.; Liu, X.; Jaenisch, R.; Lodish, H.F. Generation of committed erythroid BFU-E and CFU-E progenitors
does not require erythropoietin or the erythropoietin receptor. Cell 1995, 83, 59–67. [CrossRef]

87. Fishbane, S.; Nissenson, A.R. Anemia management in chronic kidney disease. Kidney Int. Suppl. 2010, S3–S9.
[CrossRef] [PubMed]

88. Koury, M.J.; Haase, V.H. Anaemia in kidney disease: Harnessing hypoxia responses for therapy.
Nat. Rev. Nephrol. 2015, 11, 394–410. [CrossRef] [PubMed]

89. Koury, S.T.; Bondurant, M.C.; Koury, M.J. Localization of erythropoietin synthesizing cells in murine kidneys
by in situ hybridization. Blood 1988, 71, 524–527. [PubMed]

90. Obara, N.; Suzuki, N.; Kim, K.; Nagasawa, T.; Imagawa, S.; Yamamoto, M. Repression via the GATA box is
essential for tissue-specific erythropoietin gene expression. Blood 2008, 111, 5223–5232. [CrossRef] [PubMed]

91. Paliege, A.; Rosenberger, C.; Bondke, A.; Sciesielski, L.; Shina, A.; Heyman, S.N.; Flippin, L.A.; Arend, M.;
Klaus, S.J.; Bachmann, S. Hypoxia-inducible factor-2α-expressing interstitial fibroblasts are the only renal
cells that express erythropoietin under hypoxia-inducible factor stabilization. Kidney Int. 2010, 77, 312–318.
[CrossRef] [PubMed]

92. Semenza, G.L.; Wang, G.L. A nuclear factor induced by hypoxia via de novo protein synthesis binds to the
human erythropoietin gene enhancer at a site required for transcriptional activation. Mol. Cell. Biol. 1992, 12,
5447–5454. [CrossRef] [PubMed]

93. Souma, T.; Nezu, M.; Nakano, D.; Yamazaki, S.; Hirano, I.; Sekine, H.; Dan, T.; Takeda, K.; Fong, G.H.;
Nishiyama, A.; et al. Erythropoietin Synthesis in Renal Myofibroblasts Is Restored by Activation of Hypoxia
Signaling. J. Am. Soc. Nephrol. 2016, 27, 428–438. [CrossRef] [PubMed]

94. Scortegagna, M.; Morris, M.A.; Oktay, Y.; Bennett, M.; Garcia, J.A. The HIF family member EPAS1/HIF-2α is
required for normal hematopoiesis in mice. Blood 2003, 102, 1634–1640. [CrossRef] [PubMed]

95. Kapitsinou, P.P.; Liu, Q.; Unger, T.L.; Rha, J.; Davidoff, O.; Keith, B.; Epstein, J.A.; Moores, S.L.;
Erickson-Miller, C.L.; Haase, V.H. Hepatic HIF-2 regulates erythropoietic responses to hypoxia in renal
anemia. Blood 2010, 116, 3039–3048. [CrossRef] [PubMed]

96. Franke, K.; Kalucka, J.; Mamlouk, S.; Singh, R.P.; Muschter, A.; Weidemann, A.; Iyengar, V.; Jahn, S.;
Wieczorek, K.; Geiger, K.; et al. HIF-1α is a protective factor in conditional PHD2-deficient mice suffering
from severe HIF-2α-induced excessive erythropoiesis. Blood 2013, 121, 1436–1445. [CrossRef] [PubMed]

97. Sakoda, Y.; Anand, S.; Zhao, Y.; Park, J.J.; Liu, Y.; Kuramasu, A.; van Rooijen, N.; Chen, L.; Strome, S.E.;
Hancock, W.W.; et al. Herpesvirus entry mediator regulates hypoxia-inducible factor-1α and erythropoiesis
in mice. J. Clin. Investig. 2011, 121, 4810–4819. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ki.2011.445
http://www.ncbi.nlm.nih.gov/pubmed/22237753
http://dx.doi.org/10.1681/ASN.2010060633
http://www.ncbi.nlm.nih.gov/pubmed/20930066
http://dx.doi.org/10.1681/ASN.2015040457
http://www.ncbi.nlm.nih.gov/pubmed/26701983
http://dx.doi.org/10.1096/fj.201601116R
http://www.ncbi.nlm.nih.gov/pubmed/28148567
http://dx.doi.org/10.1042/BCJ20160595
http://www.ncbi.nlm.nih.gov/pubmed/27582499
http://dx.doi.org/10.1152/ajprenal.00237.2010
http://www.ncbi.nlm.nih.gov/pubmed/20610530
http://dx.doi.org/10.1152/ajprenal.00528.2009
http://www.ncbi.nlm.nih.gov/pubmed/20032117
http://dx.doi.org/10.3892/mmr.2015.3327
http://www.ncbi.nlm.nih.gov/pubmed/25672593
http://dx.doi.org/10.1016/0092-8674(95)90234-1
http://dx.doi.org/10.1038/ki.2010.188
http://www.ncbi.nlm.nih.gov/pubmed/20671741
http://dx.doi.org/10.1038/nrneph.2015.82
http://www.ncbi.nlm.nih.gov/pubmed/26055355
http://www.ncbi.nlm.nih.gov/pubmed/3337914
http://dx.doi.org/10.1182/blood-2007-10-115857
http://www.ncbi.nlm.nih.gov/pubmed/18202227
http://dx.doi.org/10.1038/ki.2009.460
http://www.ncbi.nlm.nih.gov/pubmed/20016470
http://dx.doi.org/10.1128/MCB.12.12.5447
http://www.ncbi.nlm.nih.gov/pubmed/1448077
http://dx.doi.org/10.1681/ASN.2014121184
http://www.ncbi.nlm.nih.gov/pubmed/26054543
http://dx.doi.org/10.1182/blood-2003-02-0448
http://www.ncbi.nlm.nih.gov/pubmed/12750163
http://dx.doi.org/10.1182/blood-2010-02-270322
http://www.ncbi.nlm.nih.gov/pubmed/20628150
http://dx.doi.org/10.1182/blood-2012-08-449181
http://www.ncbi.nlm.nih.gov/pubmed/23264599
http://dx.doi.org/10.1172/JCI57332
http://www.ncbi.nlm.nih.gov/pubmed/22080867


Int. J. Mol. Sci. 2017, 18, 950 15 of 17

98. Farsijani, N.M.; Liu, Q.; Kobayashi, H.; Davidoff, O.; Sha, F.; Fandrey, J.; Ikizler, T.A.; O’Connor, P.M.;
Haase, V.H. Renal epithelium regulates erythropoiesis via HIF-dependent suppression of erythropoietin.
J. Clin. Investig. 2016, 126, 1425–1437. [CrossRef] [PubMed]

99. Haase, V.H. Hypoxia-inducible factors in the kidney. Am. J. Physiol. Renal Physiol. 2006, 291, F271–F281.
[CrossRef] [PubMed]

100. Xu, M.; Nagati, J.S.; Xie, J.; Li, J.; Walters, H.; Moon, Y.A.; Gerard, R.D.; Huang, C.L.; Comerford, S.A.;
Hammer, R.E.; et al. An acetate switch regulates stress erythropoiesis. Nat. Med. 2014, 20, 1018–1026.
[CrossRef] [PubMed]

101. Dioum, E.M.; Chen, R.; Alexander, M.S.; Zhang, Q.; Hogg, R.T.; Gerard, R.D.; Garcia, J.A. Regulation
of hypoxia-inducible factor 2α signaling by the stress-responsive deacetylase sirtuin 1. Science 2009, 324,
1289–1293. [CrossRef] [PubMed]

102. Scortegagna, M.; Ding, K.; Zhang, Q.; Oktay, Y.; Bennett, M.J.; Bennett, M.; Shelton, J.M.; Richardson, J.A.;
Moe, O.; Garcia, J.A. HIF-2α regulates murine hematopoietic development in an erythropoietin-dependent
manner. Blood 2005, 105, 3133–3140. [CrossRef] [PubMed]

103. Rankin, E.B.; Biju, M.P.; Liu, Q.; Unger, T.L.; Rha, J.; Johnson, R.S.; Simon, M.C.; Keith, B.; Haase, V.H.
Hypoxia-inducible factor-2 (HIF-2) regulates hepatic erythropoietin in vivo. J. Clin. Investig. 2007, 117,
1068–1077. [CrossRef] [PubMed]

104. Kobayashi, H.; Liu, Q.; Binns, T.C.; Urrutia, A.A.; Davidoff, O.; Kapitsinou, P.P.; Pfaff, A.S.; Olauson, H.;
Wernerson, A.; Fogo, A.B.; et al. Distinct subpopulations of FOXD1 stroma-derived cells regulate renal
erythropoietin. J. Clin. Investig. 2016, 126, 1926–1938. [CrossRef] [PubMed]

105. Chen, R.; Xu, M.; Hogg, R.T.; Li, J.; Little, B.; Gerard, R.D.; Garcia, J.A. The acetylase/deacetylase couple
CREB-binding protein/Sirtuin 1 controls hypoxia-inducible factor 2 signaling. J. Biol. Chem. 2012, 287,
30800–30811. [CrossRef] [PubMed]

106. Asada, N.; Takase, M.; Nakamura, J.; Oguchi, A.; Asada, M.; Suzuki, N.; Yamamura, K.; Nagoshi, N.;
Shibata, S.; Rao, T.N.; et al. Dysfunction of fibroblasts of extrarenal origin underlies renal fibrosis and renal
anemia in mice. J. Clin. Investig. 2011, 121, 3981–3990. [CrossRef] [PubMed]

107. Chang, Y.T.; Yang, C.C.; Pan, S.Y.; Chou, Y.H.; Chang, F.C.; Lai, C.F.; Tsai, M.H.; Hsu, H.L.; Lin, C.H.;
Chiang, W.C.; et al. DNA methyltransferase inhibition restores erythropoietin production in fibrotic murine
kidneys. J. Clin. Investig. 2016, 126, 721–731. [CrossRef] [PubMed]

108. Eltzschig, H.K.; Carmeliet, P. Hypoxia and inflammation. N. Engl. J. Med. 2011, 364, 656–665. [PubMed]
109. Nizet, V.; Johnson, R.S. Interdependence of hypoxic and innate immune responses. Nat. Rev Immunol. 2009,

9, 609–617. [CrossRef] [PubMed]
110. Haase, V.H. Inflammation and hypoxia in the kidney: friends or foes? Kidney Int. 2015, 88, 213–215.

[CrossRef] [PubMed]
111. Tanaka, T.; Kojima, I.; Ohse, T.; Ingelfinger, J.R.; Adler, S.; Fujita, T.; Nangaku, M. Cobalt promotes

angiogenesis via hypoxia-inducible factor and protects tubulointerstitium in the remnant kidney model.
Lab. Investig. 2005, 85, 1292–1307. [CrossRef] [PubMed]

112. Tanaka, T.; Matsumoto, M.; Inagi, R.; Miyata, T.; Kojima, I.; Ohse, T.; Fujita, T.; Nangaku, M. Induction of
protective genes by cobalt ameliorates tubulointerstitial injury in the progressive Thy1 nephritis. Kidney Int.
2005, 68, 2714–2725. [CrossRef] [PubMed]

113. Alam, T.; An, M.R.; Papaconstantinou, J. Differential expression of three C/EBP isoforms in multiple tissues
during the acute phase response. J. Biol. Chem. 1992, 267, 5021–5024. [PubMed]

114. Juan, T.S.; Wilson, D.R.; Wilde, M.D.; Darlington, G.J. Participation of the transcription factor C/EBP δ in the
acute-phase regulation of the human gene for complement component C3. Proc. Natl. Acad. Sci. USA 1993,
90, 2584–2588. [CrossRef] [PubMed]

115. Tanaka, T.; Nangaku, M. Angiogenesis and hypoxia in the kidney. Nat. Rev. Nephrol. 2013, 9, 211–222.
[CrossRef] [PubMed]

116. Tanaka, S.; Tanaka, T.; Nangaku, M. Hypoxia and Dysregulated Angiogenesis in Kidney Disease.
Kidney Dis. (Basel.) 2015, 1, 80–89. [CrossRef] [PubMed]

117. Schonenberger, D.; Rajski, M.; Harlander, S.; Frew, I.J. Vhl deletion in renal epithelia causes
HIF-1α-dependent, HIF-2α-independent angiogenesis and constitutive diuresis. Oncotarget 2016, 7,
60971–60985. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI74997
http://www.ncbi.nlm.nih.gov/pubmed/26927670
http://dx.doi.org/10.1152/ajprenal.00071.2006
http://www.ncbi.nlm.nih.gov/pubmed/16554418
http://dx.doi.org/10.1038/nm.3587
http://www.ncbi.nlm.nih.gov/pubmed/25108527
http://dx.doi.org/10.1126/science.1169956
http://www.ncbi.nlm.nih.gov/pubmed/19498162
http://dx.doi.org/10.1182/blood-2004-05-1695
http://www.ncbi.nlm.nih.gov/pubmed/15626745
http://dx.doi.org/10.1172/JCI30117
http://www.ncbi.nlm.nih.gov/pubmed/17404621
http://dx.doi.org/10.1172/JCI83551
http://www.ncbi.nlm.nih.gov/pubmed/27088801
http://dx.doi.org/10.1074/jbc.M111.244780
http://www.ncbi.nlm.nih.gov/pubmed/22807441
http://dx.doi.org/10.1172/JCI57301
http://www.ncbi.nlm.nih.gov/pubmed/21911936
http://dx.doi.org/10.1172/JCI82819
http://www.ncbi.nlm.nih.gov/pubmed/26731474
http://www.ncbi.nlm.nih.gov/pubmed/21323543
http://dx.doi.org/10.1038/nri2607
http://www.ncbi.nlm.nih.gov/pubmed/19704417
http://dx.doi.org/10.1038/ki.2015.89
http://www.ncbi.nlm.nih.gov/pubmed/26230196
http://dx.doi.org/10.1038/labinvest.3700328
http://www.ncbi.nlm.nih.gov/pubmed/16127428
http://dx.doi.org/10.1111/j.1523-1755.2005.00742.x
http://www.ncbi.nlm.nih.gov/pubmed/16316346
http://www.ncbi.nlm.nih.gov/pubmed/1371993
http://dx.doi.org/10.1073/pnas.90.7.2584
http://www.ncbi.nlm.nih.gov/pubmed/8385337
http://dx.doi.org/10.1038/nrneph.2013.35
http://www.ncbi.nlm.nih.gov/pubmed/23458926
http://dx.doi.org/10.1159/000381515
http://www.ncbi.nlm.nih.gov/pubmed/27536668
http://dx.doi.org/10.18632/oncotarget.11275
http://www.ncbi.nlm.nih.gov/pubmed/27528422


Int. J. Mol. Sci. 2017, 18, 950 16 of 17

118. Forsythe, J.A.; Jiang, B.H.; Iyer, N.V.; Agani, F.; Leung, S.W.; Koos, R.D.; Semenza, G.L. Activation of
vascular endothelial growth factor gene transcription by hypoxia-inducible factor 1. Mol. Cell. Biol. 1996, 16,
4604–4613. [CrossRef] [PubMed]

119. Hung, S.C.; Kuo, K.L.; Huang, H.L.; Lin, C.C.; Tsai, T.H.; Wang, C.H.; Chen, J.W.; Lin, S.J.; Huang, P.H.;
Tarng, D.C. Indoxyl sulfate suppresses endothelial progenitor cell-mediated neovascularization. Kidney Int.
2016, 89, 574–585. [CrossRef] [PubMed]

120. Liu, E.; Morimoto, M.; Kitajima, S.; Koike, T.; Yu, Y.; Shiiki, H.; Nagata, M.; Watanabe, T.; Fan, J. Increased
expression of vascular endothelial growth factor in kidney leads to progressive impairment of glomerular
functions. J. Am. Soc. Nephrol. 2007, 18, 2094–2104. [CrossRef] [PubMed]

121. Hakroush, S.; Moeller, M.J.; Theilig, F.; Kaissling, B.; Sijmonsma, T.P.; Jugold, M.; Akeson, A.L.;
Traykova-Brauch, M.; Hosser, H.; Hähnel, B.; et al. Effects of increased renal tubular vascular endothelial
growth factor (VEGF) on fibrosis, cyst formation, and glomerular disease. Am. J. Pathol. 2009, 175, 1883–1895.
[CrossRef] [PubMed]

122. Skuli, N.; Majmundar, A.J.; Krock, B.L.; Mesquita, R.C.; Mathew, L.K.; Quinn, Z.L.; Runge, A.; Liu, L.;
Kim, M.N.; Liang, J.; et al. Endothelial HIF-2α regulates murine pathological angiogenesis and
revascularization processes. J. Clin. Investig. 2012, 122, 1427–1443. [CrossRef] [PubMed]

123. Mizobuchi, M.; Towler, D.; Slatopolsky, E. Vascular calcification: The killer of patients with chronic kidney
disease. J. Am. Soc. Nephrol. 2009, 20, 1453–1464. [CrossRef] [PubMed]

124. Chen, N.X.; Moe, S.M. Vascular calcification: Pathophysiology and risk factors. Curr. Hypertens. Rep. 2012,
14, 228–237. [CrossRef] [PubMed]

125. Shroff, R.C.; McNair, R.; Figg, N.; Skepper, J.N.; Schurgers, L.; Gupta, A.; Hiorns, M.; Donald, A.E.;
Deanfield, J.; Rees, L.; et al. Dialysis accelerates medial vascular calcification in part by triggering smooth
muscle cell apoptosis. Circulation 2008, 118, 1748–1757. [CrossRef] [PubMed]

126. Giachelli, C.M. The emerging role of phosphate in vascular calcification. Kidney Int. 2009, 75, 890–897.
[CrossRef] [PubMed]

127. Mokas, S.; Lariviere, R.; Lamalice, L.; Gobeil, S.; Cornfield, D.N.; Agharazii, M.; Richard, D.E.
Hypoxia-inducible factor-1 plays a role in phosphate-induced vascular smooth muscle cell calcification.
Kidney Int. 2016, 90, 598–609. [CrossRef] [PubMed]

128. Idelevich, A.; Rais, Y.; Monsonego-Ornan, E. Bone Gla protein increases HIF-1α-dependent glucose
metabolism and induces cartilage and vascular calcification. Arterioscler. Thromb. Vasc. Biol. 2011, 31,
e55–e71. [CrossRef] [PubMed]

129. Akahori, H.; Tsujino, T.; Naito, Y.; Sawada, H.; Sugahara, M.; Fukui, M.; Ohyanagi, M.; Mitsuno, M.;
Miyamoto, Y.; Masuyama, T. Nuclear factor-κB-hypoxia-inducible factor-2 pathway in aortic valve stenosis.
J. Heart Valve Dis. 2014, 23, 558–566. [PubMed]

130. Perrotta, I.; Moraca, F.M.; Sciangula, A.; Aquila, S.; Mazzulla, S. HIF-1α and VEGF: Immunohistochemical
Profile and Possible Function in Human Aortic Valve Stenosis. Ultrastruct. Pathol. 2015, 39, 198–206.
[CrossRef] [PubMed]

131. Li, G.; Lu, W.H.; Ai, R.; Yang, J.H.; Chen, F.; Tang, Z.Z. The relationship between serum hypoxia-inducible
factor 1α and coronary artery calcification in asymptomatic type 2 diabetic patients. Cardiovasc. Diabetol.
2014, 13, 52. [CrossRef] [PubMed]

132. Pergola, P.E.; Spinowitz, B.S.; Hartman, C.S.; Maroni, B.J.; Haase, V.H. Vadadustat, a novel oral HIF stabilizer,
provides effective anemia treatment in nondialysis-dependent chronic kidney disease. Kidney Int. 2016, 90,
1115–1122. [CrossRef] [PubMed]

133. Brigandi, R.A.; Johnson, B.; Oei, C.; Westerman, M.; Olbina, G.; de Zoysa, J.; Roger, S.D.; Sahay, M.; Cross, N.;
McMahon, L.; et al. A novel hypoxia-inducible factor-prolyl hydroxylase inhibitor (GSK1278863) for anemia
in CKD: A 28-day, phase 2A randomized trial. Am. J. Kidney Dis. 2016, 67, 861–871. [CrossRef] [PubMed]

134. Provenzano, R.; Besarab, A.; Wright, S.; Dua, S.; Zeig, S.; Nguyen, P.; Poole, L.; Saikali, K.G.; Saha, G.;
Hemmerich, S.; et al. Roxadustat (FG-4592) versus epoetin alfa for anemia in patients receiving maintenance
hemodialysis: A phase 2, randomized, 6- to 19-week, open-label, active-comparator, dose-ranging, safety
and exploratory efficacy study. Am. J. Kidney Dis. 2016, 67, 912–924. [CrossRef] [PubMed]

135. Besarab, A.; Chernyavskaya, E.; Motylev, I.; Shutov, E.; Kumbar, L.M.; Gurevich, K.; Chan, D.T.; Leong, R.;
Poole, L.; Zhong, M.; et al. Roxadustat (FG-4592): Correction of anemia in incident dialysis patients. J. Am.
Soc. Nephrol. 2016, 27, 1225–1233. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/MCB.16.9.4604
http://www.ncbi.nlm.nih.gov/pubmed/8756616
http://dx.doi.org/10.1016/j.kint.2015.11.020
http://www.ncbi.nlm.nih.gov/pubmed/26880454
http://dx.doi.org/10.1681/ASN.2006010075
http://www.ncbi.nlm.nih.gov/pubmed/17554151
http://dx.doi.org/10.2353/ajpath.2009.080792
http://www.ncbi.nlm.nih.gov/pubmed/19834063
http://dx.doi.org/10.1172/JCI57322
http://www.ncbi.nlm.nih.gov/pubmed/22426208
http://dx.doi.org/10.1681/ASN.2008070692
http://www.ncbi.nlm.nih.gov/pubmed/19478096
http://dx.doi.org/10.1007/s11906-012-0265-8
http://www.ncbi.nlm.nih.gov/pubmed/22476974
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.783738
http://www.ncbi.nlm.nih.gov/pubmed/18838561
http://dx.doi.org/10.1038/ki.2008.644
http://www.ncbi.nlm.nih.gov/pubmed/19145240
http://dx.doi.org/10.1016/j.kint.2016.05.020
http://www.ncbi.nlm.nih.gov/pubmed/27470678
http://dx.doi.org/10.1161/ATVBAHA.111.230904
http://www.ncbi.nlm.nih.gov/pubmed/21757657
http://www.ncbi.nlm.nih.gov/pubmed/25799704
http://dx.doi.org/10.3109/01913123.2014.991884
http://www.ncbi.nlm.nih.gov/pubmed/25569379
http://dx.doi.org/10.1186/1475-2840-13-52
http://www.ncbi.nlm.nih.gov/pubmed/24564828
http://dx.doi.org/10.1016/j.kint.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27650732
http://dx.doi.org/10.1053/j.ajkd.2015.11.021
http://www.ncbi.nlm.nih.gov/pubmed/26827289
http://dx.doi.org/10.1053/j.ajkd.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/26846333
http://dx.doi.org/10.1681/ASN.2015030241
http://www.ncbi.nlm.nih.gov/pubmed/26494833


Int. J. Mol. Sci. 2017, 18, 950 17 of 17

136. Malyszko, J.; Malyszko, J.S. Emerging drugs for the treatment of kidney disease-induced anemia. Expert Opin.
Emerg. Drugs 2016, 21, 315–330. [CrossRef] [PubMed]

137. Yousaf, F.; Spinowitz, B. Hypoxia-inducible factor stabilizers: A new avenue for reducing BP while helping
hemoglobin? Curr. Hypertens. Rep. 2016, 18, 23. [CrossRef] [PubMed]

138. Chen, N.; Qian, J.; Chen, J.; Yu, X.; Mei, C.; Hao, C.; Jiang, G.; Lin, H.; Zhang, X.; Zuo, L.; et al. Phase 2
studies of oral hypoxia-inducible factor prolyl hydroxylase inhibitor FG-4592 for treatment of anemia in
China. Nephrol. Dial. Transplant. 2017. [CrossRef] [PubMed]

139. Kato, A.; Hishida, A.; Kumagai, H.; Furuya, R.; Nakajima, T.; Honda, N. Erythropoietin production in
patients with chronic renal failure. Ren. Fail. 1994, 16, 645–651. [CrossRef] [PubMed]

140. Shimizu, S.; Enoki, Y.; Sakata, S.; Kohzuki, H.; Ohga, Y.; Matsumura, K. Erythropoietin response to acute
hypobaric or anaemic hypoxia in gentamicin-administered rats. Acta Physiol. Scand. 1994, 151, 225–231.
[CrossRef] [PubMed]

141. Bonomini, M.; del Vecchio, L.; Sirolli, V.; Locatelli, F. New treatment approaches for the anemia of CKD.
Am. J. Kidney Dis. 2016, 67, 133–142. [CrossRef] [PubMed]

142. Unger, E.F.; Thompson, A.M.; Blank, M.J.; Temple, R. Erythropoiesis-stimulating agents—Time for a
reevaluation. N. Engl. J. Med. 2010, 362, 189–192. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/14728214.2016.1220537
http://www.ncbi.nlm.nih.gov/pubmed/27537859
http://dx.doi.org/10.1007/s11906-016-0629-6
http://www.ncbi.nlm.nih.gov/pubmed/26894597
http://dx.doi.org/10.1093/ndt/gfx011
http://www.ncbi.nlm.nih.gov/pubmed/28371815
http://dx.doi.org/10.3109/08860229409044892
http://www.ncbi.nlm.nih.gov/pubmed/7855320
http://dx.doi.org/10.1111/j.1748-1716.1994.tb09741.x
http://www.ncbi.nlm.nih.gov/pubmed/7942058
http://dx.doi.org/10.1053/j.ajkd.2015.06.030
http://www.ncbi.nlm.nih.gov/pubmed/26372086
http://dx.doi.org/10.1056/NEJMp0912328
http://www.ncbi.nlm.nih.gov/pubmed/20054037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Regulation of Hypoxia Inducible Factors (HIF) 
	HIF in Chronic Kidney Disease (CKD)-Associated Renal Fibrosis 
	Mechanisms of HIF Signaling in Renal Fibrosis 
	Transcriptional Regulation of Fibrogenic Genes 
	Crosstalk of HIF with Other Pro-Fibrotic Signaling Pathways 
	Epithelial-Meshenchymal Transition 
	Epigenetic Regulation 

	HIF in CKD-Associated Syndromes 
	Anemia 
	Inflammation 
	Aberrant Angiogenesis 
	Vascular Calcification 

	Therapeutic Outlook 

