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Abstract
Background: Kidney diseases are a prevalent health prob-
lem worldwide. Although substantial progress has been 
made in understanding the pathophysiology of kidney dis-
ease, currently there is no satisfactory clinical treatment 
available to prevent or treat kidney disease. Therefore, strat-
egies to establish early diagnosis, identify the key molecules, 
and develop novel therapeutic interventions to slow the 
progression of kidney diseases and reduce their complica-
tions are encouraged. Summary: The growth factors play a 
crucial role in the development of kidney diseases. The al-
tered levels of growth factors are usually detected in circula-
tion and urine in the disease course. A growing body of stud-
ies has suggested that growth factors, receptors, and related 
regulators are promising biomarkers for the diagnosis and/
or prognosis and potential therapeutic targets for the treat-
ment of kidney diseases. In this review, we summarize recent 
advances in the potential applications of growth factors for 
diagnostic biomarkers and therapeutic targets in kidney dis-

eases and highlight their performances in clinical trials. Key 
Messages: Most diagnostic and therapeutic strategies tar-
geting growth factors are still far from clinical implementa-
tion. The better understanding of growth factor-regulated 
pathophysiology and the progress of new intervention ap-
proaches are expected to facilitate the clinical translation of 
growth factor-based diagnosis and therapy of kidney diseas-
es. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Kidney diseases, including acute kidney injury (AKI) 
and chronic kidney disease (CKD), have become a global 
public health concern associated with high morbidity, 
mortality, and healthcare costs. AKI is defined by a rapid 
increase in serum creatinine, decrease in urine output, or 
both. Renal ischemia/reperfusion injury (IRI), infections, 
shock, sepsis, and drugs are the major risk factors for de-
veloping AKI and subsequent CKD. Although substantial 
progress has been made in understanding the pathophys-
iology of kidney disease, the molecular mechanisms con-
tributing to kidney injury remain largely unclear. Mean-
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while, currently there is no satisfactory clinical treatment 
available to prevent or treat kidney disease because of the 
poor therapeutic efficacy and systemic side effects. There-
fore, strategies to establish early diagnosis, identify the 
key molecules, and develop novel therapeutic interven-
tions to slow the progression of kidney diseases and re-
duce their complications are encouraged.

The growth factors are a subset of cytokines stimulat-
ing the growth of specific tissues [1]. Secreted growth fac-
tors bind to specific cell-surface growth factor receptors 
to stimulate, or in some cases, inhibit cell proliferation 
and differentiation processes, and play important roles in 
inflammatory responses and tissue repair. The growth 
factors not only participate in the progression of diseases 
but also are used for the treatment of diseases such as the 
hematopoietic growth factors (HGFs), and erythropoie-
tin has been used for anemia [2].

The role of kidney-produced growth factors has been 
widely investigated in maintaining kidney physiological 
functions and in the pathogenesis of kidney diseases 
(Fig. 1). The potential of growth factors, receptors, and 
related regulators as diagnostic markers and therapeutic 
targets of kidney diseases has attracted extensive atten-
tion for decades and is still ongoing [3]. Therefore, the 
current review mainly focuses on summarizing recent 
findings of kidney-produced growth factors for their ap-

plication potential as biomarkers to predict renal diseases 
and evaluating the current growth factor-targeted thera-
py or diagnosis in clinical trials.

Transforming Growth Factor Beta (TGF-β) 
Superfamily

The transforming growth factor beta (TGF-β) super-
family consists of more than 30 members including 
TGF-β, bone morphogenetic proteins (BMPs), growth 
and differentiation factors (GDFs), activins (ACTs), in-
hibins (INHs), glial-derived neurotrophic factors 
(GDNFs), Müllerian inhibiting substance (MIS), left-
right determination factor (Lefty), and nodal growth dif-
ferentiation factor (Nodal). Although TGF-β is widely ac-
cepted as a key mediator of renal fibrosis, clinical studies 
of anti-TGF-β antibodies fresolimumab and LY2382770 
in focal segmental glomerulosclerosis (FSGS) and diabet-
ic kidney disease (DKD) have failed in phase 2 trials ow-
ing to a lack of beneficial effect on renal damage [4, 5]. In 
addition to the profibrotic actions, TGF-β also plays mul-
tiple physiological roles such as cell proliferation, apopto-
sis, differentiation, autophagy, and immune responses 
[6]. The failure of clinical studies of TGF-β blockade may 
relate to the possible adverse effects, such as autoimmu-

Fig. 1. Simplified overview of the growth 
factors and their actions in kidney diseases 
discussed in the present review. BMP7, 
EGF, HGF, VEGF, PGRN, and MYDGF are 
renoprotective proteins. Their levels are de-
creased (green) in different kidney diseases 
which are associated with the damage of re-
nal parenchymal cells due to enhanced cell 
death and inflammatory responses, and in-
sufficient repair. Under physiological con-
ditions, VEGF-A secreted by podocytes 
binds to VEGFRs on GEnC and stimulates 
GEnC proliferation, migration, and surviv-
al. TGF-β, CTGF, PDGF, activin A, and ac-
tivin B are all pro-fibrotic growth factors. 
Their elevated expression (red) in kidney 
diseases will lead to renal fibrosis by pro-
moting the activation of interstitial fibro-
blasts and/or mesangial cells. Activin A af-
fects renal cells, such as renal interstitial fi-
broblasts, tubular and mesangial cells and 
promotes fibrosis directly or through medi-
ating TGF-β1 responses. Activin B is pro-
duced mainly in TECs, but its effector cells 
are interstitial fibroblasts.
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nity, hyperinflammation, and increased tumorigenesis 
[7]. In this review, we summarize recent advances high-
lighting the role of other members of TGF-β superfamily 
in kidney diseases.

Bone Morphogenetic Proteins
Bone morphogenetic proteins (BMPs), members of 

the TGF-β superfamily, play essential roles in multiple 
key steps of embryonic development, and after birth in 
the pathophysiology of several diseases, including various 
kidney diseases. Among BMPs, BMP7 is considered a po-

tent antagonist to TGF-β1 and the most prominent mem-
ber involved in renal development and disease. BMP7 has 
attracted much attention because of its protective role in 
AKI and CKD [3, 8]. Kidney BMP7 is reduced in different 
pathological conditions such as renal IRI, tubulointersti-
tial fibrosis, DKD, and hypertensive nephrosclerosis and 
increased again during the regenerative phase [9, 10]. Im-
portantly, data from the ADVANCE (Action in Diabetes 
and Vascular Disease: Preterax and Diamicron Modified 
Release Controlled Evaluation) trial cohorts have demon-
strated the negative association of circulating BMP7 with 

Fig. 2. Therapeutic agents targeting BMP7, HGF, and CTGF for 
kidney diseases in clinical trials. The BMP7-derived small peptide 
THR-184 is an agonist of BMP7 receptor ALK3 and has been test-
ed for the prevention of cardiac surgery-associated acute kidney 
injury (CSA-AKI). ANG-3777, a HGF mimetic, can selectively ac-
tivate the HGF/c-Met pathway, thereby contributes to the repair 
of damaged tissues. ANG-3777 is in clinical trials for AKI associ-

ated with delayed graft function (DGF) and cardiac surgical pro-
cedures involving cardiopulmonary bypass (CPB). FG-3019 is a 
human anti-CTGF monoclonal antibody inhibiting the activity of 
CTGF and has been used in clinical trials for the treatment of DKD 
with microalbuminuria. FG-3019 may inhibit the binding of 
CTGF to growth factors, matrix proteins, integrins, and receptors 
such as EGFR.
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kidney outcome in patients with type 2 diabetes (T2D) 
and further identified BMP7 as a useful biomarker for 
predicting progressive kidney disease [11].

The beneficial effects of BMP7 in kidney diseases have 
been extensively studied. Administration of recombinant 
or transgenic overexpression of BMP7 ameliorates kid-
ney injury in AKI, obstructive and diabetic injuries, and 
lupus nephritis in animal models via suppressing inflam-
mation, apoptosis, epithelial-to-mesenchymal transition, 
and reversing fibrosis [3, 10, 12]. Currently, peptide-
based agonists for BMP7 signaling have been developed 
[12]. THR-123 and THR-184, produced by Thrasos Ther-
apeutics are agonists of the activin-like kinase-3 receptor 
(ALK3), the main BMP7 receptor in tubular epithelial 
cells (TECs) [12]. THR-184 has been tested in a phase 2 
clinical trial for the prevention of cardiac surgery-associ-
ated AKI (Fig. 2) [13, 14]. Although Thrasos Therapeutics 
stated that there was a reduction in the extent of AKI 
within 7 days of surgery in patients with CKD treated 
with the highest dose of THR-184 [15], the results origi-
nating from that trial showed that THR-184 at a range of 
doses failed to reduce the incidence, severity, or duration 
of AKI after cardiac surgery in high-risk patients [16].

Growth Differentiation Factors
Growth differentiation factors (GDFs) are a subfamily 

of growth factors belonging to TGF-β superfamily. 
Among them, GDF15 is associated with multiple diseas-
es, such as cancer, cardiovascular disease, metabolic dis-
ease, and kidney disease [17]. In preclinical studies of kid-
ney injury, kidney GDF15 expression is increased and ap-
pears to play a protective role [18]. GDF15-deficient 
diabetic mice show glycosuria, polyuria, more severe fi-
brosis, substantially more tubular damage, but no differ-
ences in glomerular injury [19]. In unilateral ureteral ob-
struction (UUO) mice model, recombinant GDF15 treat-
ment displays a beneficial role by reducing renal fibrosis 
and fibroblast activation [20]. In addition, deficiency of 
GDF15 exacerbates acute tubular injury and enhances in-
flammatory responses in mice with renal IRI [21]. A re-
cent study supports that GDF15 is induced in a compen-
satory manner during AKI and CKD, which is insuffi-
cient to fully prevent kidney injury, but further increments 
in GDF15 are nephroprotective [22].

In clinical studies, the levels of serum GDF15 are pos-
itively correlated with the risk of AKI in patients under-
going cardiac bypass surgery or percutaneous coronary 
interventions [18]. In a prospective case-control study, 
GDF15 is identified as a clinically valuable marker for 
predicting transition in albuminuria stage in both T2D 

and nondiabetic hypertension patients [23]. In a multiple 
regression analysis of T2D patients with DKD, GDF15 is 
an independent predictor of renal events, but not of car-
diovascular events [24]. In type 1 diabetes patients with 
DKD, higher plasma GDF15 is a predictor of all-cause 
and cardiovascular mortality and is associated with a rap-
id decline in kidney function [25]. Additionally, urinary 
GDF15 levels in patients with CKD or T2D with de-
creased glomerular filtration rate (GFR) are increased 
and associated with kidney tubular injury and mortality 
[18, 26]. Collectively, these findings indicate that GDF15 
may be a potential candidate for the treatment of kidney 
diseases.

Inhibins and Activins
Inhibins and activins are originally identified based on 

their ability to inhibit and stimulate pituitary follicle-
stimulating hormone (FSH), respectively. Inhibins are 
heterodimers made up of α subunit and either a βA sub-
unit (αβA, inhibin A) or a βB subunit (αβB, inhibin B), 
whereas activins are homo- or heterodimers of the βA 
and βB subunits (βAβA, activin A; βBβB, activin B; and 
βAβB, activin AB). Among inhibins and activins, activin 
A and B have been reported to be involved in the patho-
physiologic mechanism of various kidney diseases [27].

Activin A is secreted and initiates related signaling 
pathways by binding to a type 2 receptor, ActRIIA or Ac-
tRIIB [28]. Activin A affects renal cells, such as renal in-
terstitial fibroblasts, tubular and mesangial cells and pro-
motes fibrosis directly or through mediating TGF-β1 re-
sponses [29, 30]. The expression of renal activin A is 
upregulated in cortical and medullary tubular cells, or in-
terstitial fibroblasts in rat UUO model [29, 31]. In rats 
with anti-Thy1 glomerulonephritis, activin A overex-
pression is linked to fibrosis [32]. Increased circulating 
and renal activin A are also observed in particular 5/6 
nephrectomy ldlr knockout mice fed a high-fat diet and 
Alport (Col4a5 deficient) mice [33, 34]. Both tubular ep-
ithelial and glomerular cells-localized activin A are up-
regulated in diabetic mice and human with DKD [30, 35, 
36]. Interestingly, the expression of follistatin, an endog-
enous negative regulator of activins, is downregulated in 
the kidney under diabetic conditions [36].

Recently, activin B has been identified to play an im-
portant role in the pathogenesis of CKD [37]. It is found 
that activin B is induced mainly in TECs from various 
mouse models of renal fibrosis including UUO, renal IRI, 
and DKD, which is further confirmed in the kidney from 
patients with CKD. The mechanism study indicates that 
the induction of activin B in injury TECs is mediated by 
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transcriptional factor Sox9. Subsequently, TECs-derived 
activin B contributes to renal fibrosis by activating the 
interstitial fibroblasts through activin B/Smad signaling 
[37].

Epidermal Growth Factors

Preclinical studies have shown that the epidermal 
growth factor receptor (EGFR) is a potential therapeutic 
target for kidney diseases. Deletion of EGFR in proximal 
tubules impairs the regeneration of TECs in mice sub-
jected to renal IRI [38]. The most prominent ligands of 
EGFR are epidermal growth factor (EGF), heparin-bind-
ing EGF-like growth factor (HB-EGF) and TGF-α. 
Among them, EGF is the most widely studied and has the 
highest affinity for EGFR. EGF is highly expressed in 
adult kidney and acts as a proproliferative protein that 
mediates kidney tubular cell differentiation, repair, and 
regeneration [39]. Decreased urinary EGF is found in pa-
tients with a variety of kidney diseases including AKI, 
DKD, IgA nephropathy, and ureteropelvic junction ob-
struction [40]. According to recent studies, lower urinary 
EGF and higher urinary monocyte chemoattractant pro-
tein-1 (MCP-1) are associated with severer interstitial fi-
brosis and tubular atrophy [39, 41]. Both lower urinary 
EGF and higher MCP-1 are significantly associated with 
greater progression of DKD [42, 43], and a lower EGF/
MCP-1 ratio predicts kidney function decline in various 
glomerular diseases [41, 44]. Furthermore, urinary EGF 
and MCP-1 are each independently associated with CKD 
outcome after cardiac surgery [45]. Importantly, lower 
urinary EGF is associated with increased risk of rapid 
GFR loss and incident CKD in the general population 
[46]. Taken together, the urinary EGF may serve as a 
broadly applicable biomarker representing the tubular 
component of the current glomerulus-centric clinical risk 
assessment system [46].

Fibroblast Growth Factors

Fibroblast growth factors (FGFs) are pleiotropic pro-
teins involving in a wide range of biological and patho-
logical functions by regulating cell differentiation, prolif-
eration, migration and survival. Twenty-two FGF ligands 
and five FGF receptors (FGFRs) including FGFR1-4 and 
FGFRL1 have been identified. FGF/FGFR plays a signifi-
cant role in kidney development and in the pathogenesis 
of kidney diseases [47].

In recent years, endocrine FGF21 and FGF23 have at-
tracted extensive attention in the field of kidney diseases. 
Elevated circulating FGF21 levels have been reported in 
dyslipidemia, insulin resistance, the metabolic syndrome, 
T2D, nonalcoholic fatty liver disease, atherosclerosis, and 
coronary artery disease [48], all of them are the major risk 
factors for CKD progression. Importantly, the increased 
levels of serum FGF21 are detected in patients with stage 
2 CKD, and the serum FGF21 concentration increases 
gradually with the progression of CKD from early stage 
to end stage [47, 48]. A series of studies have concluded 
that serum FGF21 levels are negatively associated with 
renal function [49]. It has been reported that FGF21 di-
rectly suppresses renal lipid accumulation; protects 
against renal fibrosis, inflammation, and oxidative stress 
[48], suggesting that FGF21 is a potential biomarker or 
therapeutic agent for CKD. The FGF21 analogue, 
LY2405319 has been developed and tested through phase 
1 clinical trial to reduce body weight and fasting insulin 
and improve dyslipidemia in patients with T2D and obe-
sity [50].

FGF23 is secreted from bone tissue and binds to a 
complex of α-Klotho and FGFR1c, FGFR3c, or FGFR4 
and regulates systemic phosphate homeostasis and vita-
min D metabolism. Dietary phosphate loading, hypercal-
cemia, parathyroid hormone, and 1,25-dihydroxyvita-
min D stimulate FGF23 production from the bone tissue. 
Meanwhile, FGF23 induces urinary phosphate excretion 
and inhibits the synthesis of 1,25-dihydroxyvitamin D in 
the kidney and reduces parathyroid hormone biosynthe-
sis in the parathyroid gland. The recent studies of FGF23 
have expanded the understanding of the pathophysiology 
of mineral metabolic disorders in CKD. In patients and 
animals with CKD, plasma FGF23 levels are early in-
creased before other alterations in mineral metabolism, 
indicating FGF23 excess is critical to maintaining normal 
circulating phosphate in CKD and the main cause of sub-
sequent 1,25-dihydroxyvitamin D deficiency and second-
ary hyperparathyroidism. Decreased expression of Klotho 
in renal tissue observed in the early stages of CKD has 
been considered a possible primary upstream factor that 
drives FGF23 excess because extremely elevated plasma 
FGF23 is observed in primary Klotho deficiency. How-
ever, this hypothesis is still controversial, and impaired 
FGF23 cleavage is an alternative mechanism [51]. In ad-
dition, the elevated circulating FGF23 levels can be used 
as a biomarker for the diagnosis and/or prognosis of CKD 
[47, 52, 53] and are associated with increased mortality, 
cerebrovascular events, atrial fibrillation, left ventricular 
hypertrophy, and heart failure in CKD [51]. The high cir-



Growth Factors in Kidney Diseases 373Kidney Dis 2022;8:368–380
DOI: 10.1159/000526208

culating FGF23 levels are harmful to erythropoiesis, the 
cardiovascular system, and the immune system, which 
can lead to adverse progression of CKD. The renal FGF23 
expression also increases in kidney diseases, which may 
promote the inflammatory response and fibrosis process 
in the kidney [54]. Different therapeutic strategies target-
ing FGF23 have been developed such as FGF23 antibody. 
However, blocking FGF23 by antibody exacerbates hy-
perphosphatemia and vascular calcification which may 
cause an increased risk of mortality in CKD patients [47]. 
Furthermore, several clinical trials have been conducted 
to evaluate the effects of strategies targeting dietary phos-
phate, such as phosphate binder, on the reduction of 
FGF23 in CKD [51]. In AKI, FGF23 is significantly in-
creased in the circulation and urine of patients and ani-
mal models induced by multiple insults [3, 47]. There-
fore, FGF23 can serve as an early prognostic marker for 
incident AKI, and a candidate prognostic marker for ad-
verse outcomes in patients with established AKI [47]. 
Whether FGF23 plays a functional role in mediating AKI 
remains to be explored.

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF) is originally isolated 
as a mitogen that can stimulate hepatocyte proliferation 
[3]. Subsequent studies have found that HGF can bind to 
c-met receptor expressing in the epithelial cells and acts 
on a variety of cells through an autocrine or paracrine 
manner [55]. The role of HGF-c-met axis is closely re-
lated to embryonic development, angiogenesis, tissue re-
pair, and cancer. In the kidney, HGF is mainly secreted 
by epithelial cells, mesangial cells, endothelial cells, and 
macrophages, and c-met receptors locate on fibroblast 
and TECs [3, 12]. In patients that had AKI and required 
renal replacement therapies in the intensive care units 
(ICUs), the decreased levels of urinary neutrophil gelati-
nase-associated lipocalin (NGAL) and urinary HGF in 
the first 14 days are associated with an increased probabil-
ity of renal recovery [56]. Preclinical studies have demon-
strated the renoprotective role of HGF in a variety of an-
imal models of AKI and CKD, exerting anti-inflammato-
ry and regenerative effects and preventing tubular cell 
apoptosis, epithelial-to-mesenchymal transition, and fi-
brosis [12]. In addition, conditional knockout of renal tu-
bule c-met substantially aggravates renal injury in AKI 
mouse model, indicating a protective role of tubule-spe-
cific c-met signaling [3]. Therefore, HGF and c-met be-
come ideal targets for the treatment of kidney diseases. 

ANG-3777, produced by Angion Biomedica Corpora-
tion, is a small molecule with HGF-like activity [57]. In a 
phase 2 study in renal transplantation patients showing 
signs of delayed graft function, there is an efficacy signal 
for improved renal function in subjects treated with 
ANG-3777, with a good safety profile [58]. Therefore, a 
phase 3 trial of ANG-3777 in renal transplant recipients 
with delayed graft function has been designed [59]. Ad-
ditionally, a multicenter phase 2 study to evaluate the 
safety and efficacy of ANG-3777 in preventing AKI fol-
lowing cardiac surgical procedures involving cardiopul-
monary bypass is also underway (Fig. 2) [60].

Vascular Endothelial Growth Factors

The vascular endothelial growth factor (VEGF) family 
includes several members: VEGF-A, VEGF-B, VEGF-C, 
VEGF-D, VEGF-E (viral VEGF), VEGF-F (snake venom 
VEGF), placental growth factor (PGF), and endocrine 
gland-derived vascular endothelial growth factor (EG-
VEGF). VEGF-A is a well-studied member in the VEGF 
family by binding VEGF receptor (VEGFR)-1 and VEG-
FR-2 and regulates angiogenesis. In the glomerulus, 
VEGF-A secreted by mature podocytes binds to VEGFRs 
on the glomerular endothelial cell (GEnC) and further 
stimulates GEnC proliferation, migration, and survival. 
In human kidney, VEGF-A is also expressed in renal tu-
bules, and VEGFR-1 and VEGFR-2 are expressed on 
GEnC and peri-tubular endothelial cells [61]. It is note-
worthy that multiple isoforms of VEGF-A ranging from 
121 to 206 amino acids can be generated through alterna-
tive exon splicing, and VEGF-A165 is the most predomi-
nant. Later, a novel family of VEGF-A isoforms arising 
from an alternative 3’ splice-site in the terminal exon 8 is 
termed VEGF-Axxxb [62]. There is strong evidence sug-
gesting that both VEGF-A expression and splicing are 
critical regulators of renal function [61, 62].

Both podocyte-specific VEGF-A depletion and VEGF-
A overexpression in mice have been shown to result in 
CKD [63]. VEGF-A inhibitors and VEGFR-2 inhibitors 
are commonly used in antiangiogenic therapy of cancer, 
but these agents often cause side effects leading to renal 
damage [64]. A decreased renal expression of VEGF-A 
has been found to correlate with the GFR of patients with 
CKD [65, 66]. Meanwhile, elevated circulating and uri-
nary VEGF-A levels are found in patients with crescentic 
glomerulonephritis (CrGN) and DKD [67, 68]. On the 
other hand, patients in the early stages of DKD with rela-
tively normal kidney function express a higher level of the 
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VEGF-A165b isoform relative to VEGF-A165. However, 
during the later stages of DKD, when estimated GFR has 
declined, the increased expression of VEGF-A165b is di-
minished [69]. Podocyte-specific overexpression of 
VEGF-A165b in the kidney rescues endothelial dysfunc-
tion in renal disease, suggesting the modulation of VEGF-
A splicing is a potential therapeutic avenue [61]. In fact, 
many growth factors and growth factor receptors also 
have splice variants and have been implicated in kidney 
diseases [62].

Other VEGFs are also involved in kidney diseases. 
Higher serum VEGF-C level has been identified as a po-
tential new biomarker of volume status in patients with 
CKD [70], and higher serum VEGF-B and VEGF-D levels 
are correlated with renal dysfunction in patients with 
DKD [71, 72]. VEGF-C and VEGF-D are also involved in 
lymphangiogenesis in renal fibrosis, and the blockade of 
VEGF-C and VEGF-D signaling decreases obstruction-
induced lymphangiogenesis [73]. These studies offer a 
potential novel therapeutic approach to kidney diseases 
by targeting VEGF-B, VEGF-C, and VEGF-D. For in-
stance, PGF is a ligand of VEGFR-1, which is often used 
as a biomarker of cardiovascular events. Plasma PGF, 
GDF15, and FGF23 are significantly associated with esti-
mated GFR decline per year in the replication cohort 
from the Uppsala Longitudinal Study of Adult Men (UL-
SAM), and these growth factors can be used to predict 
CKD incidence [74]. More recently, PGF is identified as 
one of the top performing circulating plasma biomarkers 
for kidney disease progression in a prospective cohort 
study of 549 individuals with biopsy-confirmed kidney 
diseases by using a proteomics assay [75]. Another study 
in 1,444 adults undergoing cardiac surgery demonstrates 
that higher postoperative PGF levels are independently 
associated with lower odds of AKI, long AKI duration, 
and mortality [76].

IGF System

The insulin-like growth factor (IGF) system includes 
IGF-1 and IGF-2, type I and type II receptors (IGF-RI and 
IGF-RII), high-affinity IGF-binding proteins (IGFBPs), 
low-affinity IGFBP-related proteins (IGBP-rPs), and 
IGFBP proteases. IGF-1 mediates many growth hormone 
actions. The IGF system is essential to the maintenance 
of normal renal function, and the dysregulation of IGFs 
has been implicated in a range of kidney diseases [77, 78]. 
However, the function of IGF in kidney diseases is still 
controversial. IGF activity is increased in early DKD, 

whereas decreased IGF activity contributes to the mor-
bidity related to CKD, indicating that the IGF system 
must be finely balanced for optimal renal outcomes [78]. 
In CKD, evidence obtained from rodent models and hu-
mans has shown that the growth hormone/IGF-1/IGFB-
Ps axis is involved in the pathogenesis of DKD, and IGF-
1 plays an important role in the early development of 
DKD [79, 80]. In AKI, the reduced serum IGF-1 levels are 
correlated with the increased mortality and the nutrition-
al status of AKI patients. Therefore, serum IGF-1 is a suit-
able candidate as an early and sensitive biomarker for 
AKI mortality in the ICU [3]. Although IGF-1 is shown 
to be therapeutic potential in rodent models of AKI, this 
is not the case in human AKI [3]. In recent years, the role 
of IGFBPs in kidney diseases has been paid much atten-
tion [81]. Among them, IGFBP-7 is highly expressed in 
renal tubules and is mainly used as the early predictive 
and prognostic marker for AKI [81]. The urine com-
pound of tissue inhibitor of metalloproteinase-2 (TIMP-
2) and IGFBP-7 has been approved by US Food and Drug 
Administration (FDA) as the first biomarker for risk as-
sessment of AKI in ICU patients in 2014 [81].

IGFBP-rP2, also named as connective tissue growth 
factor (CTGF) or CCN2, is widely expressed in the kid-
ney. CTGF is well studied because it is a direct mediator 
of TGF-β-induced fibrosis. At present, no specific CTGF 
receptor has been identified. CTGF may exert its effects 
through binding various molecules, including growth 
factors, matrix proteins such as fibronectin and proteo-
glycans, and cell surface molecules such as integrins, 
some receptors [7]. In the kidney, CTGF is upregulated 
in patients with DKD, chronic allograft nephropathy, hy-
pertensive nephrosclerosis, and CrGN [7]. The plasma 
and urinary CTGF level is elevated in a variety of CKD 
and acts as an independent predictor for end-stage renal 
disease [82]. Despite FG-3019, an anti-CTGF antibody 
showed well tolerated and led to a reduction of microal-
buminuria in two phase 1 trials in DKD (Fig. 2); the fol-
lowing clinical trials in subjects with FSGS and DKD are 
prematurely stopped [5].

Platelet-Derived Growth Factors

Platelet-derived growth factor (PDGF) is critically in-
volved in the progression of kidney diseases, especially 
those characterized by mesangial cell proliferation and 
interstitial fibrosis [4]. Currently, among four PDGF iso-
forms and two PDGF receptor (PDGFR) subunits, five 
different PDGF dimers (PDGF-AA, PDGF-BB, PDGF-



Growth Factors in Kidney Diseases 375Kidney Dis 2022;8:368–380
DOI: 10.1159/000526208

CC, PDGF-DD, and PDGF-AB) and three PDGFR di-
mers (PDGFR-αα, PDGFR-ββ, and PDGFR-αβ) are 
formed, respectively. In the kidney, PDGF is produced by 
different cell types, including podocytes and TECs. 
PDGFs bind to the dimerized PDGFRs expressed on mes-
enchymal cells in the kidney and promote the prolifera-
tion and/or recruitment of fibroblasts, mesangial cells, 
pericytes, and smooth muscle cells [4, 7]. Increased ex-
pression of components of the PDGF system has been 
observed in the kidney from a wide variety of renal dis-
eases, such as mesangial proliferative glomerulopathy, 
IgA nephropathy, CrGN, lupus nephritis, membranous 
nephropathy, and transplant glomerulopathy [4, 7, 83]. 
The circulating PDGF-D is elevated in patients with IgA 
nephropathy, and urinary excretion of PDGF-A and 
PDGF-AB/PDGF-B is also increased in patients with un-
complicated type 1 diabetes [7].

Many preclinical studies have shown that the antago-
nism of PDGF/PDGFR signaling can ameliorate kidney 
diseases of diverse etiologies. In anti-Thy1 glomerulone-
phritis rat model, treatment with PDGFR/Fc chimeric 
molecule, oligonucleotide aptamer antagonist against 
PDGF-B, or PDGF-D-neutralizing antibody can effec-
tively reduce mesangial proliferation and prevent the 
subsequent development of renal fibrosis [4, 7, 84]. 
PDGF-D deficiency results in a reduction in renal inter-
stitial fibrosis in UUO and unilateral IRI models [4]. Both 
anti-PDGF-C IgG and PDGF-C deficiency effectively re-
duce kidney fibrosis in UUO model [7]. In addition, 
PDGFR kinase inhibitors, such as imatinib and AG1295, 
reduce renal fibrosis in models of autoimmune nephritis, 
DKD, hypertension, chronic allograft nephropathy [4]. 
PDGFR-β deficiency improves the glomerular and inter-
stitial morphology in experimental DKD [85]. These 
studies suggest that PDGF system may represent thera-
peutic targets for kidney diseases. However, this strategy 
still lacks the implementation of clinical studies.

Progranulin

As an autocrine growth factor, progranulin (PGRN) 
has multiple physiological functions and is widely in-
volved in the pathogenesis of many types of diseases such 
as autoimmune disorders, atherosclerosis, and cancer. 
PGRN is also an important anti-inflammation molecule 
by mainly targeting the proinflammatory signaling of 
TNFα. Our studies found that level of PGRN is signifi-
cantly reduced in the kidney in a mouse model of renal 
IRI [86]. PGRN deficiency in mice significantly aggra-

vates renal injury as evidenced by higher serum creati-
nine, more severe morphological injury, and inflamma-
tory responses [86]. Importantly, recombinant human 
PGRN has a therapeutic potential for the treatment of 
AKI [86]. Accumulating evidence has shown that nucleo-
tide oligomerization domain (NOD)-like receptors 
(NLRs) are highly involved in the pathogenesis of kidney 
diseases [87]. Our studies further indicate that PGRN, at 
least in part, negatively regulates the inflammatory re-
sponses mediated by NOD2, a member of NLRs [86]. In 
the following studies, we found that the PGRN expression 
in the kidney is decreased in diabetic mice and patients 
with biopsy-proven DKD [88]. PGRN deficiency results 
in exacerbated podocyte injury, whereas recombinant 
human PGRN administration effectively ameliorates re-
nal injuries in diabetic mice [88]. Mechanistically, PGRN 
maintains mitochondrial homeostasis via Sirt1-PGC-1α/
FoxO1 signaling-mediated mitochondrial biogenesis and 
mitophagy and induces autophagy via CaMKK-AMPK 
pathway, thus protecting podocytes under diabetic con-
ditions [88, 89]. The decreased renal PGRN has also been 
confirmed in CKD mice [90]. Interestingly, the circulat-
ing PGRN is increased in human and animal models of 
AKI and CKD, indicating that increased circulating 
PGRN may be a compensatory mechanism to limit renal 
dysfunction [90].

Myeloid-Derived Growth Factor

Myeloid-derived growth factor (MYDGF), originally 
identified as a paracrine protein secreted by bone mar-
row-derived monocytes and macrophages [91]. Studies 
have demonstrated that MYDGF plays a protective role 
in cardiovascular system. MYDGF mediates heart repair 
after myocardial infarction [91, 92], promotes cardio-
myocyte proliferation and improves heart regeneration 
in mice after cardiac injury [93], inhibits endothelial 
damage and atherosclerosis in apolipoprotein E knock-
out mice [94], and protects against pressure overload-in-
duced heart failure [95]. Recent studies have found that 
MYDGF is also involved in the pathogenesis of kidney 
diseases. The plasma levels of MYDGF are reduced in di-
abetic mice and patients [96]. MYDGF not only improves 
glucose/lipid metabolism in diabetic mice but also allevi-
ates podocyte injury DKD [96, 97]. By generation of mar-
row chimeric mice, the role of bone marrow-derived 
MYDGF in maintaining glucose metabolism and renal 
function under diabetic condition has been addressed 
[97]. Recently, our study found that MYDGF is also ex-
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pressed in renal parenchymal cells and is significantly re-
duced in podocytes from mice with FSGS and DKD [98]. 
The levels of MYDGF in glomeruli are negatively corre-
lated with urinary albumin creatinine ratio in mice with 
glomerular diseases [98]. Functionally, MYDGF protects 
podocyte against mitotic catastrophe by reducing accu-
mulation of podocytes in S phase [98]. More importantly, 
a significant reduction of MYDGF is found in glomeruli 
from patients with glomerular disease, and the level of 
MYDGF is correlated with GFR, serum creatinine, and 
podocyte loss, indicating that MYDGF may be an attrac-
tive therapeutic target for glomerular disease [98].

Conclusions

For decades, the value of growth factors as biomarkers 
and therapeutic targets of kidney diseases has attracted 
much attention. Many growth factors have shown their 
potential as biomarkers for the clinical diagnosis of kid-
ney diseases (Table 1). Nevertheless, subsequent investi-
gations with large cohorts and long follow-up are re-
quired to more accurately define the application value of 
a certain growth factor in specific stage of certain kidney 
disease. On the other hand, further assessment of broad-
er combinations of biomarkers containing appropriate 
growth factors will contribute to the precise diagnosis of 
kidney diseases. In the aspect of therapeutic targets for 
kidney diseases (Table 2), approach targeting growth fac-
tors has not yet translated into an effective and safe ther-
apeutic strategy in humans, which may be due to the het-
erogeneity of kidney diseases and the pluripotency of 
growth factors. In the future, the therapies of kidney dis-
eases tend to be individualized, which requires the de-
ployment of different combinations of agents for differ-
ent clinical scenarios. Therefore, many attempts should 
be made to optimize the therapeutic agents to achieve 
highly specific, durable, and beneficial effects and avoid 
their side effects. In parallel, cell-based therapy and nu-
cleic acid therapeutics are attractive approaches to facili-
tate the clinical translation of growth factor-targeted 
therapy of kidney diseases, which may provide a novel 
strategy for the treatment of kidney diseases.
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