
P
os

te
d

on
A

ut
ho

re
a

28
M

ay
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

06
93

86
.6

48
25

17
0

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Fresh insight:polish the druggability of lipid metabolism for
anti-renal fibrosis

yuanyuan Chen1 and Sen Zhang1

1Chinese Academy of Medical Sciences and Peking Union Medical College

May 28, 2020

Abstract

Renal fibrosis can contribute to progressive damage both to renal structure and function. It is a common pathological process
through which chronic kidney disease develops into kidney failure irrespective etiologies, and eventually leads to death. However,
there is no available drug to treat renal fibrosis. Lipid aggregation and lipid toxicity within kidney always tightly accompanied
chronic kidney disease as well as renal fibrosis. Moreover, accumulated studies have revealed that restoring the defective fatty
acid oxidation in the kidney cells can reduce renal fibrosis. Thus, it is an important strategy to correct the dysfunctional lipid
metabolism in the kidney by targeting critical regulators of lipid metabolism. This emerging direction brings ideas for the drug
target determination to prevent or treat renal fibrosis, which may create bona fide drugs for this thorny disease burden. In
this review, we highlight the potential “druggability” of lipid metabolism to resist renal fibrosis and provide current preclinical
evidence, exemplified by some representative druggable targets and several other metabolic regulators with anti-renal fibrosis
roles. Then we introduce the preliminary progress of noncoding RNAs and phytochemicals as promising anti-renal fibrosis drug
targets or drugs from the perspective of lipid metabolism. Finally, we discuss the prospects and deficiencies of interfering with
lipid reprogramming in the kidney.
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Abstract

Renal fibrosis can contribute to progressive damage both to renal structure and function. It
is a common pathological process through which chronic kidney disease develops into kidney
failure irrespective etiologies, and eventually leads to death. However, there is no available
drug to treat renal fibrosis. Lipid aggregation and lipid toxicity within kidney always tightly
accompanied chronic kidney disease as well as renal fibrosis. Moreover, accumulated studies
have revealed that restoring the defective fatty acid oxidation in the kidney cells can reduce re-
nal fibrosis. Thus, it is an important strategy to correct the dysfunctional lipid metabolism in
the kidney by targeting critical regulators of lipid metabolism. This emerging direction brings
ideas for the drug target determination to prevent or treat renal fibrosis, which may create
bona fide drugs for this thorny disease burden. In this review, we highlight the potential “drug-
gability” of lipid metabolism to resist renal fibrosis and provide current preclinical evidence,
exemplified by some representative druggable targets and several other metabolic regulators
with anti-renal fibrosis roles. Then we introduce the preliminary progress of noncoding RNAs
and phytochemicals as promising anti-renal fibrosis drug targets or drugs from the perspective
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of lipid metabolism. Finally, we discuss the prospects and deficiencies of interfering with lipid
reprogramming in the kidney.

Key words: lipid metabolism, anti-renal fibrosis, targets, druggability

Introduction

Fibrosis is a pathological pathway that induces and aggravates multiple diseases, seriously devastating human
health. The kidney is one of the mainly organs prone to be suffered from fibrosis, with a strikingly high
incidence—second only to the liver (on average, the annual incidence of renal fibrosis exceeds 10%)[1]. In the
kidney, fibrosis often occurred in three parts: glomeruli, renal interstitium, and renal blood vessels (arteries
and peripheral blood vessels)[2]. Tubular tubule is most susceptible to fibrosis and tubulointerstitial fibrosis
may predict chronic kidney disease (CKD)[3, 4]. CKD resulted from different factors can develop fibrosis and
progress to end-stage renal disease (ESRD). Therefore, blocking fibrosis, the fundamental pathway to ESRD
will delay the progression of CKD. Although the mechanism of renal fibrosis is being gradually elucidated, in
fact there are no available anti-renal fibrosis drugs. In recent years, growing evidence has emphasized the lipid
accumulation and the following lipotoxicity in renal cells is a definite contributor to kidney injury. There is an
intimate crosstalk between lipid metabolism and renal fibrosis, and it was demonstrated that lipid metabolism
is a pivotal cause of fibrosis, not only in parallel to the fibrotic tendency. Moreover, restoring abnormal lipid
metabolism within the kidney to a normal degree would effectively prevent and treat renal fibrosis[5-7]. A
groundbreaking study deeply analyzed the relationship between transforming growth factor beta (TGF-β)
signal and lipid metabolism in kidney fibrosis: TGF-β1, one of the member of TGF-β superfamily acting as
a central profibrotic role in fibrosis, induced metabolic reprogramming characterized by downregulation of
fatty acid oxidation (FAO), which resulted in lipid accumulation. While artificial restoration of FAO could
significantly eliminate fibrosis[5]. This has unveiled the therapeutic potential of intervening lipid metabolism
in renal fibrosis. Hence, targeting molecules involved in lipid metabolism pathway to resolve the metabolic
dysfunction such as FAO deficiency can bring new methods for renal fibrosis treatment.

Herein, we introduce the crosstalk between lipid metabolism and renal fibrosis in recent years and especially
discuss the emerging direct mediation of aberrant lipid metabolism in renal fibrosis. This summarized review
on the “druggability” of lipid-related regulators and provide preclinical trial reference for further drug targets
determination in this field, which is beneficial to guide the drug research and development for renal fibrosis.

A brief overview of current mainstay mechanisms in renal fibrosis

Renal fibrosis is an evolutionary and dynamic process with complex mechanisms and roughly considered to
undertake four inseparable stages: priming, activation, execution and progression, which occur concomitantly
occasionally and overlapped mutually[8]. Inflammation and epithelial damage are often the two major initial
characteristics in renal fibrosis development. Generally, the kidney can trigger a protective inflammatory
response when confronting stimulation or injury, but sustained chronic inflammation can incur inflammatory
cells convergence to the kidney, including but not limited to macrophages, mast cells, T cells and extra
fibroblast cells. They secrete fibrosis-related factors along with epithelial cells, podocytes, mesangial cells
and endothelial cells, eventually breaking the balance between degradation and production of extracellular
matrix (ECM), which generates irregularly gathering ECM[9] (as seen in Fig. 1). For example, macrophages
are recruited into the kidney by chemokines and activated by corresponding cytokines into M1 subtype or
M2 subtype. M1, the classically activated proinflammatory phenotype, will produce a series of cytokines,
growth factors (e.g. TGF-β, PDGF, FGF, IL-1 and TNF, etc.) and reactive oxygen species (ROS), to
promote mesenchymal transformation of endothelial and epithelial cells, which results in the surge of myofi-
broblasts. Macrophages seem to also undergo macrophage-to-myofibroblast transition to function as ECM
producers[10]. Cells secreting ECM are always termed myofibroblasts and their resource is extensive and
incompletely clear yet, despite the proposed main myofibroblasts precursors (as seen in Fig. 1). Myofibrob-
lasts can rapidly produce a large amount of ECM, hence fostering renal fibrosis and corresponding structural
and functional damages[11]. It is currently believed that in renal fibrosis, the TGF-β-dominated pathway is
the master regulatory mechanism[12-14]. Downstream of TGF-β, smad2/smad3 are molecules that promote
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fibrosis and they form a complex with smad4 upon phosphorylation to upregulate the transcription of profi-
brogenic genes, while smad7 acts to be anti-fibrotic, so the broken balance between smad2/smad3/smad4 and
smad7 will stimulate fibrogenesis[12] (Fig. 2). In addition to the conventional TGF-β/smad pathway, TGF-
βalso mediate fibrosis through signaling such as RhoA/ROCK, TRAF4/6, Ras/RAF, MAPK, JNK/ERK,
PI3K/Akt, collectively referred to as non-canonical pathway. Other well-known signaling pathways WNT,
Notch and Hedgehog have also been reported to coordinate in renal fibrosis and these pathways crosstalk
with TGF-β signals, increasing the complexity and obscurity of renal fibrosis mechanisms[15-18].

According to clinical trials, anti-fibrotic druggable approaches in the TGF-β pathway include antibodies,
small molecules, siRNA, and oligonucleotides[19]. These drugs are mostly designed for fibrosis in lung,
liver, skin fibrosis, and digestive system (https://clinicaltrials.gov/ ). To date, there is no drug specific for
fibrosis within the kidney has obtained ideal outcome and some trials have already been withdrawn (eg,
NCT00001959, NCT00878761 and NCT00464321). Wholly, the candidates in trials targeting TGF-β have
not progressed smoothly (NCT00878761). Connective tissue growth factor (CTGF) is a stromal cell protein
induced by TGF-β and is recognized as a profibrotic element. There are clinical trials of CTGF antibodies
for the treatment of idiopathic pulmonary fibrosis (NCT00074698 and NCT01890265), but whether CTGF
is necessary for the development of fibrosis in the kidney is not very clear yet[20-22], and there is no clinical
trial to evaluate the efficacy of CTGF antibody in anti-renal fibrosis. Therefore, finding alternative efficient
targets other than TGF-β signaling pathway is indeed an important and urgent strategy for preventing and
treating renal fibrosis. Table 1. has displayed the ongoing clinical trials about drugs for anti-renal fibrosis.

Major lipid metabolism pathways involved in renal fibrosis

The kidney is one of the organs with the strongest metabolic capacity. Unlike other organs or tissues, the
kidney primarily uses lipid instead of glucose as the principle energy source and FAO is especially a critical
metabolic step in the kidney. CD36 (cluster of differentiation 36), responsible for FA uptake, is expressed
highly on the membrane of most cell types, including renal tubular epithelial cells[23],podocytes[24],mesangial
cells[25]and macrophages[26]. Thus, CD36 is the most influential FA transporter in the kidney. The expression
of CD36 is increased when kidney diseases proceed, which induces lipid overload and renal lipotoxicity[27].
In addition, fatty acid-binding protein (FABP) family and fatty acid transport proteins (FATP) family also
participate in the cellular uptake of FA and other lipophilic substances. lipid entering the cell is deposited
in the cytoplasm or taken up into the peroxisome or into the mitochondria (FAO rate-limiting step) by
carnitine palmitoyl-transferase 1 (CPT1) and CPT2 (as seen in Fig. 3). Subsequently, β-oxidation of FA
occurs and ATP is produced. Each molecule of FA can yield 106 ATP, while one molecule of carbohydrate
can only offer 36 ATP maximally, so FAO is the chief energy supply for cell activities in some high-energy-
consuming organs, especially the kidney[28]. Lipid uptake, synthesis and degradation are regulated by a
series of transcription factors, involving peroxisome proliferator-activated receptors (PPARs), sterol regu-
latory element-binding transcription factor, SREBPs), farnesoid X receptor (FXR) and CCAAT enhancer
binding protein (CCAAT/Enhancer-binding Protein α, C/EBPα), etc., and their gene expression has also
been governed by some specific miRNAs whose expression changes during renal fibrosis[29-32]. Therefore, tar-
geting enzyme, transporters, transcription factors, or miRNAs responsible for lipid metabolism to artificially
regulate renal lipid metabolism can prevent or treat renal fibrosis.

Treating renal fibrosis via interfering with lipid metabolism

3.1 Targeting representative regulators with preclinical evidence

Based on the above putative ideas, the feasibility and effect of targeting renal lipid metabolism pathway to
improve fibrosis were being explored in preclinical experiments. Here we discuss the necessary regulatory
proteins, CD36, CPT1/2, SREBP1/2, PPARs, PGC-1 α and PCSK9 in lipid metabolism, which have been
the representative mediators in kidney injury and fibrosis.

3.1.1 CD36

CD36, also known as scavenger receptor B2, is a transmembrane glycoprotein that performs as a receptor
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of long-chain fatty acids, oxidized lipids, advanced glycation end products and oxidized protein products[33].
As mentioned earlier, CD36 is the most important transporter that regulates fatty acid entry into cells,
and it is overexpressed in different kidney pathological models to initiate the formation of lipid droplets
and the development of fibrosis[34]. It was previously reported that gene intervention or drug treatment
can reduce abnormally increased CD36 expression, ameliorate oxidative stress and inflammation, and inhibit
TGF-β, which suggested CD36 a potential target for anti-renal fibrosis[35, 36]. In recent years, considering the
promising aspects of “targeting” lipid metabolism in fibrosis, researchers have further investigated possibility
of CD36 as a drug target for anti-renal fibrosis. In the 5/6 nephrectomy with angiotensin II perfusion mouse
model and unilateral ureteral obstruction (UUO) model, micropump containing CD3 antagonist 5A peptide
can reduce inflammatory factors and chemokines, delay the progression of CKD and inhibit renal interstitial
fibrosis[37]; Human CD36 overexpressed transgenic mice had obviously more proinflammatory components,
profibrotic molecules and proteinuria than the wild mice during folic acid-induced (FAI) acute kidney injury;
In diabetic mice model, CD36 also mediates the renal lipotoxicity and profibrotic effects of terminal protein
oxidation products[27]. These results imply that CD36 regulates the development of fibrosis in various
disease background in addition to CKD. In addition, soluble CD36 in serum is positively correlated with
CD36 in the kidney and can be used as a biomarker to predict CKD. Therefore, in-depth study of the role
of CD36 in renal physiology and pathology is of great value for the diagnosis and treatment of CKD and
renal fibrosis. But there is a noteworthy problem that CD36 is highly expressed in many types of kidney
cells, and their respective change in the expression level may cause different changes in phenotype. For
example, in macrophages, CD36 is mainly related to the fibrosis signaling pathway, and interstitial fibrosis
were significantly weakened in UUO mice after the specific knockout of macrophages CD36, while CD36 in
distal renal tubular cells is involved in the binding of albumin and uptake, thus its abnormal expression
mainly leads to the production of proteinuria[38]. Therefore, the specific targeting cell types should be
considered when employing a CD36 inhibitor.

3.1.2 CPT1/2

CPT family proteins include CPT1 and CPT2, which are present on the outer and inner mitochondrial
membranes, respectively. CPT1 have three subtypes, CPT1A, CPT1B and CPT1C. CPT1/2 is rate-limiting
enzymes that transport fatty acids into the mitochondria and is indispensable for lipid catabolism. Downre-
gulation or inactivation of CPT1 will block FAO, incurring fatty acids accumulate in the cytoplasm and
cell necrosis. CPT1 deficiency will cause CKD and DKD, and renal tissue CPT1 expression is reduced in
patients with renal fibrosis[5].

The CPT1 activator C75, a synthetic tool compound, can inhibit fatty acid synthesis and improve renal
function in a mouse model of FAI renal fibrosis. Thus CPT1 agonists are effective to reverse metabolic
reprogramming for the blockade of fibrosis progression[5]. CPT1A is a prevailing enzyme converting acyl-
CoA to acylcarnitine. It is the most widely distributed subtype among CPT1 members and has been intensely
studied in cardiovascular diseases and malignant tumors[39]. In patients with CKD, the expression of CPT1A
is negatively correlated with the degree of fibrosis. Animal experiments have shown that in a variety of renal
fibrosis models, overexpression of CPT1 can reduce inflammation, TGF-β-induced epithelial cell damage and
remarkably mitigate renal fibrosis. Gain of function of FAO mediated by upregulating CPT1 can correct
the catastrophic lipid metabolic reprogramming, improve mitochondrial structure and metabolic activity in
three common animal models of renal fibrosis, and profoundly prevent the process of renal fibrosis[40]. These
prompt the opportunity of developing drugs for renal fibrosis as well as CKD based on CPT1. However,
these studies on CPT2 in renal fibrosis are relatively fewer compared to CPT1. Recently, it has been found
that the advanced glycation end products induced mitochondrial dysfunction through down-regulation of
CPT2, impaired FAO, and caused renal fibrosis and DKD. Artificial overexpression of CPT2 could restore
FAO and fibrosis-related genes to normal levels, manifesting that targeting CPT2 can help treat diabetic
renal fibrosis[41].

3.1.3 SREBP1/2

SREBPs (SREBP1a, SREBP1c and SREBP2) are a family of membrane-bound transcription factors bound
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to regulate lipid production. SREBP1a stimulates overall lipid synthesis, SREBP1c is responsible for fatty
acid and triglyceride synthesis, and SREBP2 specifically controls sterol production[42]. Under normal con-
ditions, SREBPs and their escort protein SCAP are locked by the complex consisting of lipid and the
endoplasmic reticulum transmembrane protein ISIG, being anchored on the endoplasmic reticulum, which
prevents SREBP from entering the nucleus to guide the transcription of genes involved in lipogenesis. Once
the SCAP/SREBP complex detached from endoplasmic reticulum, it will enter Golgi apparatus freely, where
SREBP was cleaved to release its transcriptionally active N-terminal fragments (Fig. 3). When SREBP is
abnormally activated and ectopically located into nucleus, it will incur excessive lipid production and accu-
mulation within the cells. Although the research on SREBPs is mainly concentrated on the field of cancer in
which the elemental functions of SREBPs in regulating the proliferation and escape of tumor cells has been
pointed out[43, 44],given the role of SREBPs in lipid homeostasis, it is not difficult to speculate that they will
mediate the occurrence of renal fibrosis. In CKD and DKD patients, increased expression of SREBP1 and
SREBP2 triggers kidney lipid deposition, lipotoxicity and fibrosis. Moreover, SREBP1 can regulate renal
fibrosis through lipid independent pathway (directly acting on TGF-β/Smad3 signal and inhibiting TGF-β
receptor degradation)[45]. By giving fatostatin, an inhibitor of SREBP in UUO mice, Maria Mustafa et al.
demonstrated that blocking the signal transduction of SREBP1/2 on lipid production and TGF-β1 can ob-
viously reduce inflammation, necrosis and fibrosis in the kidney of UUO mice[46]. While recently in another
group, Richard Van Krieken et al. declared that fatostatin did not alleviate proteinuria and renal fibrosis
in diabetic mice, and it also aggravated secretion of inflammatory factors and pro-inflammatory factors in
normal mice[47]. This discrepancy may attribute to the different background of disease model. Therefore,
the role of SREBPs in renal pathology and the renal protective function of fatostatin need to be evaluated
in more nephrotic models.

3.1.4 PPARs

PPARs belong to the type II nuclear hormone receptor superfamily and are divided into three subtypes,
PPAR-α, β (δ) and γ. They can serve as transcription factors binding to the response element within
the promoter of genes related to glucose and lipid metabolism[48]. PPARs agonists such as fibrates are
often used in the treatment of metabolic diseases[49]. The activation of PPAR-α and PPAR-β enhances
the decomposition of triglycerides and FAO, so the PPAR-α agonists and PPAR-α/β dual agonists are
mainly applied to reduce blood lipids[50];PPAR-γ controls adipogenesis and adipocyte differentiation, insulin
sensitivity and glucose metabolism. Its agonists have become prevalent drugs for type 2 diabetes[51, 52].

Increasing experiments have manifested that intervention of PPARs can regulate the occurrence and devel-
opment of renal fibrosis. In the animal model of tubulointerstitial fibrosis, the expression of PPAR-α was
significantly reduced, and the PPAR-α agonist BAY PP1, but not fenofibrate, could remarkably attenuate
fibrosis through restoring PPAR-α level in renal tubular cells without adverse effects[53]. During the aging
proceeding of the body, the degree of renal fibrosis gradually increases and renal function declines. Ki Wung
Chung et al found that impaired PPAR-α pathway accelerates aging kidney fibrogenesis in mice[6]. This
group later reported that giving MHY2013, a PPARα/β dual agonist to aging rats can conduce to elimina-
tion of lipid aggregation and renal fibrosis in rats kidney[54], These results confirmed that PPARs agonists
have a delaying effect on renal dysfunction. Regarding renal fibrosis, recent studies have further shown that
PPAR-α agonist fibrates possess visible therapeutic effects. In the context of renal transplantation-induced
fibrosis, the administration of fenofibrate in the rat model of kidney transplantation can suppress EMT
induced by oxidative stress and relieve renal fibrosis through directly improving FA metabolism[55].

In parallel with this, PPAR-γ participates in the maintenance of renal metabolism homeostasis[32] and
PPAR-γ agonists have also been reported to have similar effects in a few literatures. Recently, Hye-Soon
Kim and others found that lobelgitazone, a drug mainly used for diabetes, can inhibit the TGF-β/Smad3
pathway to discourage UUO-induced renal fibrosis, displaying kidney protective roles[56, 57]; Another two
PPAR-γ agonists, rosiglitazone can inhibit EMT and tubulointerstitial fibrosis via antagonizing ROS in
DKD[56]; pioglitazone can reduce TGF-β1-induced renal fibrosis in mice by inhibiting EGR-1, STAT3 and
AP-1[58], indicating that PPAR-γ may be a practical target for the treatment of chronic kidney disease and
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fibrosis in the future. Besides, Increasing the indication of PPAR-γ agonist, a new method of old medicine,
can shorten the research and development cycle and reduce the cost of scientific research. However, in the
UUO renal fibrosis model, Kawai T and Zhang Y et al.’S respective studies on the therapeutic effect of
pioglitazone reached the opposite conclusion. Therefore, whether PPAR-γ will anti-renal fibrosis requires
further study[59, 60].

3.1.5 ΠΓ῝-1α

Peroxisome proliferator-activated receptor-γ coactivator (PGC)-1α comes from PGC-1 family, and the other
two members of PGC-1 are PGC-1β and PGC-1-related coactivator. PGC-1α is a co-activator of PPARs and
bound to stimulating mitochondrial and peroxisomal biogenesis. Plus that PPARs can affect the regulation
of lipid synthesis and transport genes by interacting with PPARs, thus PGC-1α is also an important cell lipid
balancer and energy regulator[61]. PGC-1α expression is often reduced in aging or diseased fibrotic kidneys,
corresponding to a weakened cell metabolism[62]. Like PPARs, it is not difficult to surmise that PGC-1α
also affects renal fibrosis[63]. Administration of PPAR-γ agonist rosiglitazone to DKD mice with fibrosis to
increase the expression of PGC-1α can reduce the production of ROS and protect kidney from injury[63].
Seung Hyeok Han and others reported that PGC-1α was the target gene of Notch. After being directly
targeted by Notch, PGC-1α transcription was blocked, and then kidney cells encountered FAO defects.
Restoring PGC-1α gene expression can destroy Notch mediated kidney damage and fibrosis[64]. However,
Jue-Long Wang et al silenced PGC-1α by siRNA, which broke the positive feedback loop between TGF-β
and PGC-1 α, and significantly decreased the expression of fibronectin and collagen I[65]. This was concluded
that inhibition of PGC-1α in renal tubular cells contributes to anti-fibrosis, contrary to the previous results.
It is the first time to declare that PGC-1α promotes fibrosis by acting on TGFβ-RI, PI3K/Akt, and p38
MAPK. These studies have implied that intervention in PGC-1α can change renal fibrosis, but the opposite
results also obscure the role of PGC-1α in the kidney.

3.1.6 PCSK9

PCSK9 is a gene closely related to hypercholesterolemia, and its encoded PCSK9 protein mainly exists in the
liver. In the kidney, PCSK9 is also expressed at a lower level. PCSK9 binds to the low-density lipoprotein
receptor (LDL-R) on the cell surface to form a complex, which will undergo cellular internalization for
lysosomal degradation, resulting in reduced LDC-R. Since LDC-R is necessary to clear low-density lipoprotein
cholesterol (LDL-C), deficiency in LDC-R will induce LDL-C overload. Accordingly, PCSK9 is a key molecule
in regulating blood LDL-C. The inhibitor of PCSK9 (PCSK9i) is principally used in lipid-lowering therapy
to regulate blood lipid metabolism and improve cardiovascular function[66]. Alirocumab and evolocumab
are currently available PCSK9, both of which are monoclonal antibodies that bind to PCSK9. Several
studies on CKD have shown that PCSK9i has renal protective effects. The application of PCSK9i in kidney
disease mainly focuses on lowering the cholesterol level of CKD patients and reducing the risk of CKD
complications such as cardiovascular disease[67, 68]. There are few studies on PCSK9i employment in renal
fibrosis. Through literature search we found only one study showed that the PCSK9Qβ-003 vaccine could
enhance fatty acid oxidation via its own original lipid regulation effect, ameliorating hypercholesterolemia
and renal fibrosis in UUO and N-nitro-L-arginine methyl ester mice model[69]. In more detail, PCSK9Qβ-
003 vaccine profoundly upregulated CD35, CPT1A, PPARα/γ, PGC-1α and SREBP2, while downregulated
TGF-β/smad3 in kidney, representing a likely anti-fibrosis mechanism of FAO pathway. This study provides
an elegant incentive that if PCSK9i, which has been approved for sale, can indeed hinder the development of
renal fibrosis, this drug repositioning manner of PCSK9i will circumvent the target confirmation stage and
provide new drugs to this field faster and more economically. Of course, whether PCSK9i can treat renal
fibrosis as a new indication needs further preclinical trials and clinical trials to determine. Additionally,
whether the anti-fibrosis PSK9 antibody mainly acts on the kidney cells themselves or the PCSK9 highly
expressed liver remains to be corroborated, for that PCSK9 expression in the kidney is only mild.

3.2 Other regulators with emerging role in treating renal fibrosis

In addition to the typical lipid metabolism regulatory molecules in renal fibrosis mentioned above, recently
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the role of other glycolipid metabolism regulating proteins in renal fibrosis has also been preliminarily
discovered, and they may continue be excavated as drug targets.

FABP4 is one of the subtypes of FABP, which is responsible for the fatty acids transport and can downregulate
its target gene PPAR-γ[70]. In vitro use of FABP4 siRNA or inhibitors and in vivo FSBP4 knockdown
can enhance PPAR-γ signaling, improve lipid metabolism and inflammation, and reduce renal interstitial
fibrosis through PPAR-γ/ACOX1/CPT1 and PPAR-γ/NF-κB/ICAM pathways, respectively[71]. Numerous
studies have proved that complement is a causative factor for a variety of CKD and acute kidney disease,
and complement components including C3 and C5 are also involved in renal fibrosis [72-74]. In DKD, C5a
inhibition can downregulate DGAT1 and SREBP-1. C5a inhibitor NOX-D21 reduced tubular sclerosis and
improved lipid metabolism[75], which suggested that antibody drug therapy for complement may also prevent
renal fibrosis. ATF6α is a transcription factor reported to participate in the lipid metabolism regulation in
recent years. ATF6α may downregulate PPAR-α, mediate lipid aggregation and mitochondrial dysfunction,
and promote fibrotic factors such as CTGF, a-SMA and collagen I secretion or expression[76]. The specific
mechanism was examined in a model of unilateral ischemia-reperfusion injury-induced fibrosis that ATGFα in
proximal renal tubular cells was activated and then entered the nucleus, acting as an inhibitor of PPAR-α to
reduce the expression of PPAR-α, which in turn led to down-regulation of CPT2, the target gene of PPAR-α.
For that CPT2 is an elemental transporter that mediates the entry of fatty acids into mitochondria, ATGα
can influence FAO and mitochondrial functional homeostasis, inducing lipid aggregation/lipotoxicity, and
following cell necrosis and CTGF expression, finally leading to fibrosis[76]. The subsequent use of fenofibrate
to reverse ATF6α-mediated lipotoxicity and fibrosis in mouse kidneys further verified the mechanism of
ATF6α/PPAR-α/CPT2. Certainly, it was not clarified how ATGFα was activated. In addition, as the
author of this study said, the role of ATF6α in different disease models had two opposite situations: kidney
protection and kidney damage aggravation, despite that in chronic and long-term pathological conditions
such as CKD, ATF6α generally tends to be non-adaptive activated state to disturb lipid metabolism. Liver
kinase B1 (LKB1) is a serine kinase that regulates adipogenesis and differentiation. Seung Hyeok Han and
others reported that the expression of phosphorylated LKB1 was decreased in the renal tissue of patients
with renal fibrosis, which indicated that there was a link between LKB1 and renal fibrosis. Then they found
that LKB1 deficiency would induce impaired renal glucose and fatty acid utilization, mediated by AMPK and
PPAR-α[77]. Whether LKB1 can control fibrosis needs further verification. Autophagy is also tightly related
to lipid metabolism. Therefore, autophagy may affect fibrosis by regulating lipid metabolism. In the process
of renal fibrosis, autophagy activation often coexists with lipid aggregation. Preliminary studies have found
that the autophagy protein beclin-1 can congregate in the endoplasmic reticulum, initiate the generation
of autophagosomes, and promote the cellular deposition of lipid droplets, which may be resulted from the
accumulation of free fatty acids, so the lipotoxicity caused by autophagy in the kidney will motivate fibrotic
phenotype[78] and targeting axis “autophagy-metabolism-fibrosis” may offer an alternative method. HIF-1α
is a key factor regulating cell lipid metabolism and lipid accumulation, thus provoking fibrosis by promoting
ECM accumulation[79-81]. The mitochondrial uncoupling protein (UCP2) is also involved in the regulation
of mitochondrial functional activity and lipids metabolism especially FAO. Qing Ke et al. demonstrated
that UCP2 and HIF-1α are involved in the disorder of lipid metabolism related to renal fibrosis in an acute
ischemia-reperfusion induced renal fibrosis model. In renal tubular cells, UCP2 can stabilize HIF-1α by
regulating mitochondrial respiration and oxygen content, thereby regulating lipid accumulation and ECM,
controlling the occurrence and development of fibrosis, which may be related to PPAR-α and CPT1A. Other
molecules such as FATP2[82],TFAM[83] and VEGFB[84] have also been shown to influence the occurrence and
development of nephropathy and fibrosis by regulating lipid metabolism. For example, FATP2 mediates the
uptake of albumin-bound non-esterified fatty acids by distal renal tubular cells, avoiding the lipotoxicity of
non-esterified fatty acids. Although deeply studies on these emerging regulators are still lacking, they may
represent a novel series of components in the axis of “lipid metabolism-renal fibrosis”.

3.3 Lipid metabolism related non-coding RNAs

Targeting non-coding RNAs, upstream of regulatory factors in lipid metabolism pathway, to treat renal
fibrosis have acquired encouraging achievement preclinically.
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miRNAs are a class of non-coding RNAs that regulate gene expression transcriptionally via binding to mR-
NAs, and play a key role in cellular physiology and disease pathology, including metabolic programs[85, 86]

and CKD[87, 88], respectively. Although there are relatively few studies on miRNAs in renal fibrosis, it
can be speculated from the existing research results that miRNAs may be novel targets for anti-fibrosis.
Moreover, miRNAs engage in kidney metabolism via monitoring specific genes, hence mediation of fibro-
genesis in metabolic manner. In this part, we solely focus on the axis of miRNAs-lipid metabolism-renal
fibrosis to conduct the topic of this review. MiR-21 is the first miRNA that has been shown to link lipid
metabolism with renal fibrosis. MiR-21 targets PPAR-α, Mpv17l (a gene that inhibits the production of
ROS) and reck (inhibits metalloproteinases) and then reduces their expression, thus disrupting the balance
of lipid metabolism, oxidative stress and cell proliferation and accelerating renal damage and renal fibro-
sis, while systematic knockout of miR-21 precludes the pathological role of miR-21 in UUO and unilateral
ischemia-reperfusion mice model[89]. Practically, antisense oligonucleotides (ASOs) targeting miRNA have
been initially utilized in preclinical studies to evaluate the therapeutic potential of miRNAs for renal fibrosis.
Ivan G. Gomez et al. found that miR-21 can increase intracellular lipid aggregation and ROS production by
silencing PPARα and inhibiting antioxidant proteins. Subsequently, they further developed highly specific
ASOs targeting miR-21, which selectively positioned in the kidney of mice model and knocked down miR-21
after administered subcutaneously. MiR-21 ASO significantly improved the proteinuria of Alport nephropa-
thy (a hereditary glomerular disease, its clinical manifestation is chronic glomerulonephritis) model, and
inhibited glomerular sclerosis and renal interstitial fibrosis. These therapeutic effects are related to the en-
hanced mitochondrial functional activity, reinforced mitochondrial FAO activity and reduced mitochondrial
ROS production[90]. Note that nowadays the anti-miR21 oligonucleotide RG-012 has entered the clinical
trial phase I (NCT03373786) and is tested in patients with Alport syndrome by subcutaneous injection.
Although it is not specifically for renal fibrosis, RG-012 may also be developed into a drug for the treatment
of renal fibrosis considering that miR21 genuinely dictate renal fibrosis. On the other hand, miR-21 from
serum or urine can reflect renal fibrosis, and there are clinical trials to assess its reliability as a biomarker
(NCT03780101). MiR-9-5p, a miRNA that functions to maintain homeostasis of organ functions, can prevent
fibrosis of organs including the kidney. Compared with the mice injected only lentivirus vector, the renal
interstitial fibrosis in UUO mouse model injected lentivirus carrying miR-9-5p was profoundly alleviated,
with upregulation of genes mainly related to FAO, TCA cycle, glycolysis, OXPHOX, and mitochondrial
function that are down-regulated during fibrosis. Among which, miR-9-5p prevented the decline of CPT1A
level, and it was further found that PGC-1α was necessary for miR-9-5p to exert renal protective effect.
These illuminated the metabolic reprogramming effect of miR-9-5p in renal fibrosis, especially the regulation
of cellular lipid metabolism pathway[91]. Similarly, miR-33, a miRNA known to be encoded by the region
within the SREBP gene and highly expressed in the kidney, can promote fibrosis and inflammation in DKD
through the NF-κB/TGF-β pathway[92]. Based on this, Nathan L. Price et al. used pH low insertion peptide
to carry miR-33 peptide nucleic acid inhibitors. This tool enabled miR-33 targeted delivery to the kidney,
an acidic environment. Then miR-33 target genes, CPT1A and CROT (an enzyme catalyzing the reversible
transfer of fatty acyl groups) gained increased expression, and cellular lipid aggregation eliminated in kidney,
which effectively dampened renal fibrosis. This study reveals the opportunity of targeting miRNA in kidney
to treat fibrosis[93].

Long non-coding RNAs (lncRNAs) are another type of non-coding RNAs with a length greater than 200 dt.
They are able to manicipate the development of various diseases via regulating gene expression transcription-
ally, post-transcriptionally and epigenetically. A few lncRNAs has been characterized in renal fibrosis, such
as Erbb4-IR[13]、lnc-TSI[94]、CYB4P1-PS1-001[95]、lncRNA ZEB1-AS1[96] and lncRNA TUG1, etc,Among
them, TUG1 could upregulate PGC-1α expression through interacting with the upstream region of the PGC-
1α gene to promote the binding of PGC1-α to its promoter, which partially reversed the high glucose-induced
mitochondrial destruction in podocyte and facilitated energy metabolism[97]. The direct effect on PGC-1α
endued TUG1 with the ability to regulate mitochondrial biosynthesis and energy metabolism activity, sug-
gesting that engineered TUG1 are likely to treat renal fibrosis.

Due to the controversy of PPARs agonists as discussed before, direct targeting miRNAs or lncRNAs in kidney

8
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may be a better selection. At present, siRNA and ASOs drugs targeting mRNA have been on the market
for the treatment of nervous system diseases; some drugs targeting specific miRNA and lncRNA are also
undergoing clinical trials. Additionally, in terms of drug delivery, liposomes and other nanoparticles modified
with specific peptide chains to achieve highly specific targeting of miRNAs and lncRNAs will help reduce
undesirable effects within other organs and tissues[98]. Therefore, designing kidney-specific anti-fibrotic drugs
from non-coding RNA may be a promising area in the future. However, adequate experiments are demanded
to clarify the regulatory network of a candidate miRNA or lncRNA and their targeting security remains to
be seen.

Phytochemicals

Natural plant-derived bioactive molecules, also called phytochemicals, are a rich source of medicines with a
long history, which have been exploited as an adjunct therapy for numberless diseases, including CKD. A large
sample retrospective cohort survey showed that Chinese medicines, Rheum officinale Baill, Salvia miltiorrhiza
Bunge and Bunge can indeed improve life quality and prolong survival of patients with CKD[99]. Dioscin is a
biomolecule from common edible plant in daily life, dioscoreae rhizome. It has been reported for many times
that dioscin has the effect of resisting nephrotoxicity and preventing renal injury[100-102]. Likewise, our group
have discovered anti-fibrosis and anti-oxidation effect of coumarin glycosides from hydrangea paniculate in
diabetic nephropathy and will delve into the details of its mechanism in addition to the confirmed TGF-
β/smad pathway. Recently, dioscin was found to regulate TGF- β1/Smad pathway by upregulating SIRT3,
and impede fructose-induced renal fibrosis, involving inflammatory, lipid metabolism and oxidative stress
signals alteration[103];Shen Shuai II Recipe (SSR) is a common clinical prescription for the treatment of
CKD. It can facilitate renal blood circulation and oxygen consumption by upregulating NF-κB/TNF-α
pathway. Likewise, SSR can activate the SIRT1 acetylation pathway to reduce acetylated smad3 and inhibit
the activation of NLRP3, which curbs profibrotic and proinflammatory trends[104]. A review of traditional
Chinese medicine and renal fibrosis can be found elsewhere[105].

Herein, we offer an overview and opinion of phytochemicals in renal fibrosis especially from the lipid metabolic
perspective. AO is a natural plant traditionally used for diuresis and anti-edema. The formula of Chinese
medicine containing AO is considered to have anti-atherosclerosis, anti-diabetes and anti-nephropathy effects.
AO also has the properties of improving lipid metabolism and anti-fibrosis, but the exact involved molecules
are not yet clear. Recently, Fang Dou et al. initially explored the mechanism of AO’s anti-renal fibrosis using
lipidomics and found that AO can improve the lipid metabolism disorder and renal fibrosis in CKD by par-
tially restoring the metabolism of FA and triglycerides in CKD rats. This elaborated the potential of natural
plants to treat renal fibrosis from the viewpoint of glycolipid metabolism, and provided a metabolic way to
find natural plants against renal fibrosis. Due to the crucial role of lipid metabolism and the widely applica-
tion of traditional Chinese medicine in renal fibrosis model, it is necessary to study whether the natural plant
molecules with metabolic regulation ability can resist renal fibrosis. For example, quercetin has long been
reported to inhibit renal oxidative stress[106],via regulating specific miRNAs[107] or Hedgehog signaling[108]

to reduce EMT and fibrosis. Meanwhile, quercetin has therapeutic effects in metabolic diseases, especially
in diabetes as well as its complications DKD, through the SCAP-SREBP2-LDLr pathway to improve lipid
metabolism (lowering serum cholesterol, triglycerides and low density lipoprotein cholesterol), which relieves
lipid droplet overburden and lowers blood urea nitrogen and blood glucose concentration; this suggests that
quercetin may realize its anti-renal fibrosis effect through improving lipid metabolism[109]. Resveratrol is
a polyphenol compound widely believed to have anti-aging, anti-diabetic[110], vascular protection[111]and
neuroprotective[112]functions. Earlier studies have shown that resveratrol can activate SIRT1 to deacetylate
PGC-1α, thus enhance PGC-1α gene expression and protein levels[113], and reduce fibrotic marker pro-
tein level through AMPK/SIRT1/PGC-1α pathway[114];Resveratrol also regulates PPAR-α and PPAR-γ to
control cholesterol uptake and renal lipotoxicity[115, 116],and preclinical experiments prove that this phyto-
chemical can be used as an anti-renal fibrosis drug within a certain dose range[117]. Mechanically, these
facts reflect that PPARs and PGC-1α may be the pivotal targets for resveratrol in anti-fibrosis. Metformin,
derived from the natural plant lilac, serve as a preferred drug for type 2 diabetes. Furthermore, metformin
influences multiple metabolic diseases progress and reinforces resistance to fibrosis in various organs, these

9



P
os

te
d

on
A

u
th

or
ea

28
M

ay
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

06
93

86
.6

48
25

17
0

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

two functions possess subtle connection. For example, metformin converts cellular metabolic phenotype
of lung fibroblasts and upregulates the gene expression of PPAR-γ and BMP2, and stimulates PPAR-γ
phosphorylation and its activities, which accelerates the removal of intracellular lipid droplets and tissue
fibrosis by reversing cellular lipid metabolism reprogramming[118]. In the kidney, metformin can significantly
reduce FAI fibrosis through the TGF-β1 pathway, but whether it also reprogram metabolism in kidney to
the similar extent and which metabolic pathways are mainly modified to exert its function requires more
explanation[119].

From the typical cases we have discussed above, it may be a followable direction to explore and select anti-
renal fibrosis drugs from Chinese medicines treasure that possess ability to regulate lipid metabolism. In
turn, we can discover the mechanism of action for phytochemicals in renal fibrosis from metabolic angle,
which will supplement insufficient mechanical research of phytochemicals. Therefore, phytochemicals deserve
more attention.

Glucose metabolism related reprogramming

During the literature investigation, we noticed that there are a few studies on glucose metabolism and renal
fibrosis. Albeit in the incipient stage, we still embrace them to reflect the current research trends to introduce
anti-fibrosis target involved in glucose metabolism.

Although the energy supply manner of renal cells, especially renal tubular epithelial cells, is mainly lipid
metabolism, glucose metabolism still belongs to one of the integral metabolic approach in the kidney. Changes
in both glucose metabolism and fibrosis always arise concomitantly, indicating that these two procedures may
have mutual mediation. Metabolic reprogramming is one of the ways in which cells have been transformed.
Under non-hypoxic conditions, cancer cells employ aerobic glycolysis to boost glucose absorption, but reduce
mitochondrial glucose oxidation, hence Warburg effect, which provides special or mutated metabolic program
to support rapid cell growth. In renal fibrosis, glucose metabolism also undergoes similar reprogramming
in addition to mentioned abnormal lipid metabolism. Renal glycolysis-related genes and protein levels are
elevated when suffering fibrogenesis, and there is a positive correlation between the degree of pyruvate
kinase M2 (PKM2, glycolytic rate-limiting enzyme) positive myofibroblasts and the severity of renal fibrosis.
Aerobic glycolysis can provoke myofibroblast activation, while inhibiting aerobic glycolysis can prevent TGF-
β-induced myofibroblast activation in vitro, and inhibit UUO-induced renal fibrosis in vivo. PKM2 siRNA or
glycolysis inhibitor shikonin and 2-deoxyglucose can reduce UUO-induced renal fibrosis via destroying PKM2
mediated aerobic glycolysis[120]. Similarly, it had recently been substantiated that expression of PKM2 and
another critical glycolytic enzyme, human glandular kallikrein 2, would increase in renal fibrocytes and animal
models; increased glycolysis of podocytes promoted cell proliferation and dedifferentiation, while inhibition
of glycolysis restored podocyte structure and function and slowed down the development of fibrosis[121].
Corresponding glycolysis inhibitors could control renal interstitial fibrosis by regulating the differentiation
of fibroblasts and tubular cells[122],which further confirmed the role of glycolysis in fibrogenesis. Therefore,
using targeted inhibitors to correct Warburg effect, metabolic switch from oxidative phosphorylation to
aerobic glycolysis, in the kidney may also help to resist fibrotic proceeding.

Summary and Outlook

Aberrant intra-renal lipid metabolism is indeed a universal characteristic and pathological factor of renal
fibrosis, therefore, finding drugs that can be inserted into renal lipid metabolism can interfere with renal
fibrosis. In this article, we review the advancement of representative lipid metabolism regulators in recent
years, discussing the anti-fibrotic effects of existing drugs or inhibitors against these candidate targets in
preclinical animal models. The evaluations acquired from the preliminary studies have shown that the
”druggable” lipid metabolism has potential to inhibit renal fibrosis. Among other lipid metabolism-related
molecules, gene therapy based on miRNAs and phytochemicals have also been introduced, because there are
gradually studies supporting that they connect kidney metabolism and fibrosis and have the possibility to
be anti-fibrotic drugs. At the same time, although glucose metabolism is not the leading metabolic mode
in the kidney, there are a few reports that glycolysis is also a seemingly contributor or mediator in renal
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fibrogenesis, so we have mentioned their budding roles in this area.

In the field of oncology, metabolic research is undoubtedly a hot spot, scientists are confident to develop
new antineoplastic drugs from the perspective of metabolic reprogramming. In the study of fibrosis, it is
also likely to find new drugs targeting metabolic dysregulation, and to achieve drug repositioning based on
existing compound with targets in metabolism. The mechanism of fibrosis is particularly complex, far from
clear conclusion, but now preclinical experiments have shown promising aspects of lipid metabolism such as
FAO molecular pathway in treating renal fibrosis model. These should be timely valued by more researchers
in the near future, because anti-renal fibrosis drugs targeting the traditional TGF-β pathway result to be
ineffective and nonspecific, so we must make a shift now. On the other hand, despite that lipid metabolism
affects the physiology of the kidney to a great extent, research on finding a target in anti-renal fibrosis from
this perspective are still lacking, and there has not been a determined suitable drug target yet. Therefore, it
is urgent and essential to explore a set of weighting networks for the regulation of renal lipid metabolism and
find the most critical targetable molecules in renal fibrosis. In addition, the considerable research is ongoing
that modifying metabolic reprogramming to overcome other diseases such as fibrosis in other organs and
cancer. It will provide an opportune reference for the prevention or treatment of fibrosis in the kidney by
targeting metabolic pathway molecules; Besides, pharmaceutical preparations and delivery technology are
also crucial to help to target specifically kidney tissues and even the exact cell types.
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role in type 2 diabetes mellitus management. American journal of therapeutics 2010; 17: 274-83.

52 Choi S-S, Kim E-S, Jung J-E, Marciano DP, Jo A, Koo JY, et al . PPARγ antagonist Gleevec improves
insulin sensitivity and promotes the browning of white adipose tissue. Diabetes 2016; 65: 829-39.

53 Boor P, Celec P, Martin IV, Villa L, Hodosy J, Klenovicsova K, et al . The peroxisome proliferator-
activated receptor-alpha agonist, BAY PP1, attenuates renal fibrosis in rats. Kidney Int 2011; 80: 1182-97.

54 Chung KW, Ha S, Kim SM, Kim DH, An HJ, Lee EK, et al . PPARalpha/beta Activation Alleviates
Age-Associated Renal Fibrosis in Sprague Dawley Rats. J Gerontol A Biol Sci Med Sci 2020; 75: 452-8.

55 Wang Y, Pang L, Zhang Y, Lin J, Zhou H. Fenofibrate improved interstitial fibrosis of renal allograft
through inhibited epithelial-mesenchymal transition induced by oxidative stress. Oxidative medicine and
cellular longevity 2019; 2019.

56 Bae KH, Seo JB, Jung YA, Seo HY, Kang SH, Jeon HJ, et al . Lobeglitazone, a Novel Peroxisome
Proliferator-Activated Receptor γ Agonist, Attenuates Renal Fibrosis Caused by Unilateral Ureteral Ob-
struction in Mice. Endocrinol Metab (Seoul) 2017; 32: 115-23.

57 Kim H-S, Bae KH, Jung GS, Ham HJ, Park BY, Choi YK, et al . 19th European Congress of Endocrinol-
ogy. (BioScientifica).
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