Acta Pharmacologica Sinica

REVIEW ARTICLE

www.nature.com/aps

q

Check for
updates

Druggability of lipid metabolism modulation against

renal fibrosis

Yuan-yuan Chen’, Xiao-guang Chen' and Sen Zhang'

Renal fibrosis contributes to progressive damage to renal structure and function. It is a common pathological process as chronic
kidney disease develops into kidney failure, irrespective of diverse etiologies, and eventually leads to death. However, there are no
effective drugs for renal fibrosis treatment at present. Lipid aggregation in the kidney and consequent lipotoxicity always
accompany chronic kidney disease and fibrosis. Numerous studies have revealed that restoring the defective fatty acid oxidation in
the kidney cells can mitigate renal fibrosis. Thus, it is an important strategy to reverse the dysfunctional lipid metabolism in the
kidney, by targeting critical regulators of lipid metabolism. In this review, we highlight the potential “druggability” of lipid
metabolism to ameliorate renal fibrosis and provide current pre-clinical 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 as promising anti-renal fibrosis drug targets from the perspective of lipid metabolism. Finally, we discuss the
prospects and deficiencies of drug targeting lipid reprogramming in the kidney.
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INTRODUCTION

Fibrosis is a pathological process that induces and aggravates
multiple diseases, seriously impacting human health. The kidney is
one of the major organs prone to suffering 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: the glomeruli, renal
interstitium, and intrarenal blood vessels [2]. The tubular tubule is
most susceptible to fibrosis, and tubulointerstitial fibrosis may
predict chronic kidney disease (CKD) [3, 4]. CKD resulting from
different pathologies can involve fibrosis and progress to end-
stage renal disease, therefore blocking fibrosis will delay CKD
progression. Although the mechanism of renal fibrosis is being
gradually elucidated, there are no available anti-renal fibrosis
drugs in clinical practice. In recent years, growing evidence has
revealed that lipid accumulation and its consequent lipotoxicity in
renal cells are definite contributors to kidney injury, and the link
between phenotype and fatty acid metabolism in advanced
chronic kidney disease has been gradually clarified [5-7]. There is
an intimate crosstalk between lipid metabolism and renal fibrosis,
and the former is a direct pivotal cause of fibrosis, instead of being
parallel to the fibrotic tendency. Moreover, restoring abnormal
lipid metabolism in the kidney to a normal degree would
effectively prevent and treat renal fibrosis, which has been
confirmed by several in vitro and in vivo studies [8-10]. This has
unveiled the therapeutic potential of intervening in lipid
metabolism in renal fibrosis. Numerous groundbreaking studies
have clarified the relationship between the transforming growth
factor beta (TGF-B) signaling pathway and lipid metabolism.

TGF-B1, one of the members of the TGF-$ superfamily, induces
metabolic reprogramming characterized by fatty acid oxidation
(FAO) downregulation and lipid accumulation [8]. Hence, targeting
molecules involved in the lipid metabolism pathway to resolve the
metabolic dysregulation, such as FAO deficiency, emerges as a
novel strategy against renal fibrosis.

Herein, we firstly introduce variously important mediators which
take part in aberrant lipid metabolism in renal fibrosis and based
on those possible targets, we summarize and discuss current
experimental data and preclinical evidence around modulating
lipid metabolism against renal fibrosis, and systemically assess the
“druggability” of targeting lipid metabolism.

A BRIEF OVERVIEW OF WELL-KNOWN MECHANISMS IN RENAL
FIBROSIS

Renal fibrosis is an evolutionary and dynamic process with
complex mechanisms occurring in four inseparable stages:
priming, activation, execution, and progression, which occur
concomitantly and overlap mutually [11]. Inflammation and
epithelial damage are often the two major initial characteristics
in renal fibrosis development. Generally, the kidney can trigger an
acutely protective inflammatory response when confronting
stimulation or injury, but sustained chronic inflammation can
recruit inflammatory cells convergence to the kidney, including
but not limited to macrophages, mast cells, T cells, and extrarenal
fibroblast cells [12-15]. These cells secrete fibrosis-related factors
together with epithelial cells, podocytes, mesangial cells, and
endothelial cells, eventually breaking the balance between
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extracellular matrix (ECM) production and degradation, generating
irregularly gathering ECM [16] (Fig. 1). Myofibroblasts are the most
important ECM secreting cells, and can rapidly produce substantial

ECM, hence fostering renal fibrosis and corresponding structural
and functional damage [17]. Their resource has not yet been
clarified completely (Fig. 1), but transformation from different
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Fig. 1 The pathological progress in renal fibrosis. Epithelial cells damage and inflammation that occur when the kidney is subjected to
various harmful stimuli during renal fibrosis. In the inflammation branch, a series of immune cells outside the kidney are recruited into the
kidney tissue and they secrete various cytokines, which will eventually promote the myofibroblasts activation, serving as the fibrosis executor
enabling considerable extracellular matrix production rapidly. The main sources of myofibroblasts are epithelial cells, endothelial cells,
pericytes, and fibrocytes (including those from the kidney itself and bone marrow). In the left branch, epithelial cell injury can trigger EMT and
epithelial cell loss especially podocyte, which exacerbate renal fibrosis. Injured epithelial cell can also promote the activation of fibroblasts via
secreting numerous fibrosis-related factors. Myofibroblast and its produced ECM are the dominantly executors in renal fibrosis, but the source
of fibroblasts is not clarified yet, and the contribution of each cell type is still controversial. Wholly, the above epithelial cells damage and
inflammation pathway are overlapping and dynamic, which are both regulated by complex molecular networks. Therefore, renal fibrosis is a
particularly complicate process. The right gray part indicates the roles of lipid metabolism in fibrosis, and the contents in dotted ellipse are
speculated mechanisms remaining to be verified.
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types of cells is important. For example, macrophages are
recruited into the kidney by chemokines and activated by
corresponding cytokines into the M1 subtype or M2 subtype.
M1, the classically activated proinflammatory phenotype, will
produce a series of cytokines, growth factors (e.g., TGF-B, PDGF,
FGF, IL-1B, and TNF-q, etc.) and reactive oxygen species (ROS), to
promote mesenchymal transformation of endothelial and epithe-
lial cells, which is one approach to boost the surge
of myofibroblasts [18]. Macrophages also undergo macrophage-
to-myofibroblast transition to function as ECM producers [19];
myofibroblasts are the core executors devoted to fibrosis.

Since the TGF-3 dominated pathway is the central mechanism
in fibrosis [20-22], here we first introduce this pathway despite it
being extensively reviewed elsewhere [23, 24]. In the canonical
pathway, downstream biomolecules of TGF-31 and smad2/smad3
[25, 26], can promote fibrosis and form a complex with smad4
upon phosphorylation to upregulate the transcription of profi-
brogenic genes, while smad2 and smad7 acts as an anti-fibrotic
biomolecules, so the disrupted balance between smad3/smad4
and smad2/smad7 stimulates fibrogenesis [20] (Fig. 2). In addition
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fibrosis through signaling pathways such as RhoA/ROCK, TRAF4/6,
Ras/RAF, MAPK, JNK/ERK, and PI3K/Akt, referred to as noncano-
nical pathways. Other well-known signaling pathways, such as
WNT, Notch, and Hedgehog, have also been reported to crosstalk
with TGF-B signals, increasing the complexity and obscurity of
renal fibrosis mechanisms [27-30].

According to clinical trials, anti-fibrotic druggable approaches in
the TGF-B pathway include antibodies, small molecules, siRNA,
and oligonucleotides [31]. These drugs are mostly designed for
anti-fibrosis in the lungs, liver, skin, and digestive system (https://
clinicaltrials.gov/). To date, there is no drug-specific for kidney
fibrosis that has obtained an ideal outcome, and some clinical
trials have already been withdrawn (eg, NCT00001959,
NCT00878761, and NCT00464321). The major reason for this is
that inhibition of isoforms or receptors engaged in the TGF-f
signaling pathway in the long term can cause disastrous adverse
effects, because TGF-f has pleiotropic effects on cellular activities,
especially in the inflammatory response and cell proliferation. For
instance, genetic knockout or pharmacological blockade of TGF-$
using fresolimumab eventually leads to inflammation exacerba-

to the conventional TGF-B/smad pathway, TGF- also mediates tion [32] and multiple keratoacanthomas [33]. Accordingly,
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Fig. 2 Brief overview of classical TGF-§ pathway in renal fibrosis. Once released from the small latent complex, TGF-p binds to its receptor

Wnt

and activates the SMAD2/3 complex, which later forms complexes with SMAD4 and translocates into the nucleus to regulate gene regulation
as a transcriptional factor. SMAD7 acts as an inhibitor of TGF-f mediated profibrotic role in canonical pathway. Several non-canonical
pathways may regulate TGF-§ signals to some extent. Other pathways such as Wnt, Notch, Hedgehog contribute into renal fibrosis and have a
crosstalk with TGF-p signaling, portending the intricacy and intangibility of fibrogenesis mechanically.
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Table 1. Clinical trials of drugs for the prevent/treatment of renal fibrosis.
Drug Condition or disease Target or mechanism stage NCT number
MSCs Renal Cirrhosis Reducing the decompensated conditions Phase 1 NCT03460223
Renal Transplant Phase 2 NCT02057965
Rejection Fibrosis
Pirfenidone FSGS TGF-B Phase 2 NCT00001959
Fresolimumab FGSC TGF-p Phase 2 NCT01665391
LY2382770 DN/ TGF-B Phase 2 NCT01113801
Glomerulosclerosis
Rapamycin Kidney transplantation mTOR Phase 4 NCT00493194

targeting intracellular TGF-B cascades or other profibrotic path-
ways may lead to development of relatively proper candidates
[24]. For example, connective tissue growth factor (CTGF) is a
stromal cell protein induced by TGF-B, 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 develop-
ment of fibrosis in the kidney is not yet clear [34, 35], and there
has been no clinical trial to evaluate the efficacy of the CTGF
antibody against renal fibrosis. Therefore, finding alternative
efficient targets other than the TGF-f signaling pathway is indeed
an important and urgent strategy for preventing and treating
renal fibrosis. Tables 1 and 2 display the ongoing clinical trials of
drugs for anti-renal fibrosis.

LIPID METABOLISM INVOLVED IN RENAL FIBROSIS

Unique pattern of lipid metabolism in kidney tissues

The kidney is a highly energy-consuming organ, which uses lipids
instead of glucose as its primary energy source due to the
function of reabsorption, especially for tubular epithelial cells
(TECs). TECs primarily use fatty acids as fuel, and the mitochon-
drial B-oxidation of fatty acids is a major energy source for ATP
generation, whereas glucose catabolism is less demanded and is
not a key contributor to energy production in TECs [36]. Unlike
adipocytes, which have massive intracellular lipid drops (LDs)
storage under physiological conditions, TECs harbor much little
number of LDs to maintain their energy homeostasis [37]. Lipid
overload in TECs, which would be a result of excessive dietary
intake or dysfunction in lipid consumption or degradation, exerts
vicious effects termed lipotoxicity through the generation of
reactive oxygen species, release of proinflammatory and profi-
brotic factors, as well as cell apoptosis [38]. This has been
observed in obesity-associated kidney diseases, diabetic nephro-
pathy, and kidney fibrosis progression [39]. The excess ectopic
accumulation of lipid in TECs could be a subsequence of systemic
dyslipidemia, but sometimes, it is an outcome of the imbalance of
cellular lipid metabolism, because renal lipid accumulation
occurred independent of the systemic lipid disorder in the
contexts of hypertensive nephrosclerosis, focal segmental glo-
merulosclerosis, or minimal change disease [40]. Particularly, it
has been manifested that this usually occurs in lower expression
of key enzymes and regulators of fatty acid oxidation and in
higher intracellular lipid deposition in humans and mouse models
with tubulointerstitial fibrosis [41].

FAO is an especially critical metabolic step. Cluster of
differentiation 36 (CD36), the most important FA transporter in
the kidney responsible for FA uptake, is expressed on the
membrane of most cell types, including renal tubular epithelial
cells [42], podocytes [43], mesangial cells [44], and macrophages
[45]. Its expression is increased as kidney diseases proceed, thus it
induces lipid overload and lipotoxicity [46]. In addition, the fatty
acid-binding protein (FABP) family and fatty acid transport
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proteins (FATP) family also participate in the cellular uptake of
FA and other lipophilic substances [47]. After being transported
into the cells, lipids are deposited into the cytoplasm or taken up
into the peroxisome and mitochondria (FAO rate-limiting step) by
carnitine palmitoyl-transferase 1 (CPT1) and CPT2 [48] (Figs. 3
and 4). Subsequently, B-oxidation of FA occurs, and ATPs are
produced. Each molecule of FA can yield 106 ATPs, while one
carbohydrate molecule can only offer 36 ATP maximally, so FAO is
the optimal energy supply mode for cell activities in high-energy-
consuming organs, especially the kidney [49]. Lipid uptake,
synthesis, and degradation are regulated by a series of transcrip-
tion factors involving peroxisome proliferator-activated receptors
(PPARs), sterol regulatory element-binding transcription factor
(SREBPs), farnesoid X receptor, and CCAAT enhancer-binding
protein (CCAAT/Enhancer-binding Protein a, C/EBPa), and their
gene expressions are also governed by some specific microRNAs
(miRNAs) whose expressions change during renal fibrosis [50-53].
Therefore, targeting enzymes, transporters, transcription factors,
or miRNAs responsible for lipid metabolism to artificially regulate
renal lipid metabolism is possible in order to prevent or treat renal
fibrosis.

Important participants in lipid metabolism and renal fibrosis
Although preclinical and experimental studies are increasingly
suggesting that targeting lipid metabolism can antagonize renal
fibrosis (this section will be described in detail later), the exact
mechanisms are still far from clear. As there are many
commonalities in fibrosis in different organs, including TGF-
activation, myofibroblasts differentiation, and ECM excessive
accumulation (Figs. 1 and 2), lipid metabolism markedly influences
fibrosis within the kidney in a tissue-specific manner.

“Synthesis and degradation” of ECM equals “anabolism and
catabolism” of ECM, thus, in other words, fibrosis may be
controlled by ECM “metabolism”. Fibroblasts in radiation-
induced skin fibrosis are characterized by an altered fuel-
utilization balance, with enhanced glycolysis but compromised
FAO. A new study claims that over-activation of PPARs/
CD36 signaling of fibroblasts directly promotes ECM degradation
by endowing fibroblasts with a catabolic phenotype with reduced
ECM gene transcription. For CD36" fibroblasts, the secretion
ability of ECM-related proteins, including fibronectin, collagen-1,
and plasminogen activator inhibitor type-1, is reduced [54]. This
was further exemplified by the phenomenon that caffeic acid with
a PPARs agonizing effect impedes SMAD3-dependent transcrip-
tion and internalizes collagen-1 in dermal fibroblasts [54]. Thus,
ECM homeostasis may be one major strategy for metabolic
mediators to exert fibrosis regulation.

Several different types of cells contribute to chronic kidney
disease, and they also have different metabolism characteristics.

Myofibroblast generation may be a striking element of the
necessary downstream effect in the metabolism-fibrosis axis.
Some literature has documented that augmented aerobic
glycolysis initiates and sustains myofibroblast contractility and
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Fig. 3 Critical lipid metabolism regulators with potential druggability in the kidney fibrosis discussed in the current review. Here we use
fatty acid (FA) as a schematic example. FA is transported into cells by CD36 primarily or other proteins such as FABP and FATP, then FA can be
disposed into the following three directions, lipid droplet, peroxisome, and mitochondria, among which, mitochondrial $-oxidation is a
fundamental process for FA metabolism, thus CPT1/2 downregulation or mitochondrial dysfunction will lead to FA deposition. PPARs and their
co-activator PGC-1a promote lipid metabolism transcriptionally. While SREBP can enhance lipogenesis through its transcriptionally active N-
terminal fragments cleaved in Golgi apparatus. Noncoding RNAs including miR21, miR-9-5p, and TUG1 can control renal fibrosis via lipid
metabolism. Targeting these above regulators by utilizing nucleic, antibody, small molecule or phytochemical drug can yield anti-fibrosis

effects in the kidney.

formation [55-58]. Succinate, a glycolysis intermediate, can
directly promote myofibroblast differentiation through stabilizing
hypoxia-inducible factor 1-a (HIF-1a) [55]. These conclusions
encourage researchers to investigate whether myofibroblast
quiescence and activation are also partly determined by a lipid
metabolism switch, whereas this indispensable metabolic branch
is relatively less investigated. As mentioned before, M2 macro-
phages are a major cell type prone to promoting myofibroblast
differentiation (Fig. 1), and FAO is a fundamental characteristic of
M2. Although detailed pathways remain elusive, given the
discrepancy of immunometabolism between M1 and M2, it can
be speculated that lipid metabolism may skew macrophage
reprogramming to trigger fibrosis. However, recently, the question
of whether M2 polarization is dependent on FAO has become
controversial, because macrophages have been proven to use
glucose metabolism for M2 phenotype transition in several

SPRINGERNATURE

separate studies [59]. Thus, more studies are needed to investigate
whether and how FAO predominates in macrophage phenotype
shift to control renal fibrosis.

Additionally, disordered lipid metabolism in the kidney will
incur well-known stimulants of fibrogenesis, including cellular
apoptosis, inflammation, and dedifferentiation. However, involved
pathways connecting these pathogenic processes and the
consequent metabolic changes are not understood well yet.
There are relatively few studies on how lipid metabolism modifies
kidney architecture and function. In the near future, we must pay
more attention to the detailed mechanism by which lipid
metabolism manipulates renal fibrosis. As we discussed above,
there are several possible pathways, including but not limited to
ECM “metabolism”, epithelial-mesenchymal transition (EMT) con-
trol, macrophage domestication, and other direct mechanisms
such as TGF-B signaling.
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PRECLINICAL STUDIES AGAINST RENAL FIBROSIS VIA
INTERFERING WITH LIPID METABOLISM AND HOT-SPOT
TARGETS

Based on the above putative ideas, the feasibility and efficiency of
targeting renal lipid metabolism pathways to ameliorate fibrosis
have been explored in lots of preclinical experiments, although
there are no clinical trials in humans currently. Here, we
summarize some “star” lipid metabolism regulatory proteins,
including CD36, CPT1/2, SREBP1/2, PPARs, peroxisome proliferator-
activated receptor-y coactivator (PGC-1a), and proprotein con-
vertase subtilisin/kexin type 9 (PCSK9), to describe their latest
research status as drug targets. We also discuss their advantages
and disadvantages against renal fibrosis.

CD36

CD36, also known as scavenger receptor B2, is a transmembrane
glycoprotein that performs as a receptor of long-chain FAs,
oxidized lipids, advanced glycation end products, and oxidized
protein products [60]. CD36 seems to play tissue-specific role in
fibrosis. As mentioned earlier, CD36 is the most important
transporter that is responsible for the entry of FA into cells, and
upregulating CD36 reduces ECM accumulation in murine skin
fibrosis [54]. However, its overexpression in different kidney
pathophysiological models initiates lipid droplet formation and
fibrosis development [61]. It was previously reported that reducing
CD36 expression by gene intervention or drug treatment could
ameliorate renal oxidative stress and inflammation, and inhibit
TGF-f expression, suggesting that CD36 is a potential target for
anti-renal fibrosis [62, 63]. In the 5/6 nephrectomy with
angiotensin Il perfusion mouse model and unilateral ureteral
obstruction (UUO) model, a micropump containing CD36 antago-
nist 5A peptide reduced inflammatory cytokines and chemokines,
delayed CKD progression, and inhibited renal interstitial fibrosis
[64]. Human CD36 overexpressed transgenic mice had obviously
more proinflammatory and profibrotic characteristics, as well as
proteinuria, than wild mice during folic acid-induced (FAI) acute
kidney injury. In a diabetic mice model, CD36 also mediated the
renal lipotoxicity and profibrotic effects of advanced glycation
end-products [46]. These results imply that CD36 regulates fibrosis
in various disease conditions, in addition to CKD. Meanwhile,
soluble CD36 in serum is positively correlated with CD36 in the
kidney, thus can be used as a biomarker to predict CKD. Therefore,
in-depth study of the role of CD36 in renal physiology and
pathology is valuable for CKD diagnosis and treatment. However,
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there is a noteworthy problem that CD36 is highly expressed in
various kidney cell types, and artificial changes of CD36 expression
may cause unexpected consequences in phenotype. For example,
interstitial fibrosis was significantly weakened in UUO mice after
specific CD36 knockout in macrophages, while CD36 in proximal
renal tubular cells is involved in the binding and uptake of
albumin, its abnormally lower expression may lead to proteinuria,
rather than fibrosis [65]. Therefore, the specific targeting of cell
types should be considered when employing CD36 inhibitors. Of
course, pharmacological application with CD36 target is also
dependent on optional organs or tissues.

CPT1/2

The CPT family proteins CPT1 and CPT2 are located on the outer
and inner mitochondrial membranes, respectively. CPT1 has three
subtypes: CPT1A, CPT1B, and CPT1C. CPT1/2 are rate-limiting
enzymes that transport FAs into mitochondria and are indis-
pensable for lipid catabolism. CPT1 downregulation or inactivation
will block FAO, incur FAs accumulation in the cytoplasm and cell
necrosis, and cause CKD as well as renal fibrosis [8].

The CPT1 activator C75, a synthetic chemical compound, can
inhibit FA synthesis and improve renal function in a mouse model
of FAI renal fibrosis. Thus, CPT1 agonists are effective in reversing
metabolic reprogramming to hinder fibrosis progression [8]. 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 [66]. In patients with CKD, CPT1A expression is negatively
correlated with the fibrosis degree. A series of experimental renal
fibrosis models have shown that CPT1 overexpression can reduce
inflammation and TGF-B-induced epithelial cell transformation, and
remarkably mitigate renal fibrosis. Gain of function of FAO
mediated by upregulating CPT1 restored the catastrophic lipid
metabolic reprogramming, improving mitochondrial structure and
metabolic activity, in three common animal models of renal fibrosis
[67]. This evidence provides the opportunity to develop drugs for
renal fibrosis, as well as CKD, based on CPT1. However, studies on
CPT2 in renal fibrosis are relatively rare compared to CPT1.
Recently, it was found that advanced glycation end products
induce mitochondrial dysfunction through down-regulation of
CPT2, impairing FAO and causing renal fibrosis and DKD [68].
Artificial overexpression of CPT2 could restore FAO and fibrosis-
related genes to normal levels, suggesting that targeting CPT2
could help prevent diabetic renal fibrosis [68].
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SREBP1/2

SREBPs (SREBP1a, SREBP1¢, and SREBP2) belong to the membrane-
binding transcription factors family, which is responsible for
regulating lipid production. SREBP1a stimulates overall lipid
synthesis, SREBP1c is responsible for FA and triglyceride synthesis,
and SREBP2 specifically controls sterol production [69]. Under
normal physiological conditions, SREBPs and their escort protein
SREBP-cleavage activating protein (SCAP) are locked by a complex
consisting of lipids and an endoplasmic reticulum transmembrane
protein insulin-induced gene (INSIG), anchored on the endoplas-
mic reticulum, which prevents SREBP from entering the nucleus to
guide the transcription of genes involved in lipogenesis. Once the
SCAP/SREBP complex detaches from the endoplasmic reticulum, it
will enter the Golgi apparatus freely, where SREBP is cleaved to
release its transcriptionally active N-terminal fragments (Fig. 3).
When SREBP is abnormally activated and ectopically located in the
nucleus, it will lead to excessive lipid production and accumula-
tion within the cells. Although the research on SREBPs is mainly
concentrated in the field of cancer, in which the elemental
functions of SREBPs in regulating tumor cell proliferation and
escape have been clarified [70, 71]. Given their role in lipid
homeostasis, we can speculate that they modulate 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
the lipid independent pathway (directly acting on the TGF-f/
Smad3 signal and inhibiting TGF-$ receptor degradation)[10]. By
giving fatostatin, an inhibitor of SREBP in UUO mice, Mustafa et al.
demonstrated that blocking the signal transduction of SREBP1/2
to lipid production and TGF-B1 obviously reduced renal inflam-
mation, necrosis, and fibrosis in UUO mice [72]. 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 recruitment of pro-inflammatory cells
(CD3™ T cells and macrophages) to kidneys in both nondiabetic
and diabetic mice [73]. This discrepancy may be attributed to the
different importance degree of SREBP in different kidney diseases.
Sun et al. demonstrate that activation of renal SREBP-1 results in
alterations in renal lipid metabolism and renal lipid accumulation
plays an important role in the pathogenesis of diabetic nephro-
pathy by transgenic mice [74], but failure of fatostatin against DN
might suggest that SREBP-1 mediated lipid metabolism dysfunc-
tion might not be key element to induce fibrosis in DN. Therefore,
the role of SREBPs in renal pathology and the renal protective
function of fatostatin need to be evaluated in more nephrotic
models.

Moreover, considering SREBP as a transcription factor involved
in the regulation of many downstream genes, it might not be a
suitable drug target considering its broad possible effects, also
due to some of its effects were not lying on lipid metabolism.
Therefore, it should be careful when using SREBP as a target to
design strategy to treat renal fibrosis. Currently, several clinical
trials of Oltipraz aiming to treat nonalcoholic steatohepatitis
(NASH) were under investigation, such as NCT01373554,
NCT02068339, and NCT04142749. Oltipraz is shown to inhibit
fatty acid synthesis through AMPK-S6K1 pathway and LXRg-
SREBP-1c pathway [75, 76]. These following clinical trial results are
necessary to be explored to evaluate its real clinical value as an
anti-fibrosis target.

PPARs

PPARs belong to the type Il nuclear hormone receptor superfamily
and are divided into three subtypes: PPAR-q, 3 (5), and y. They can
serve as transcription factors binding to the response element
within the promoter of genes related to glucose and lipid
metabolism [77]. PPARs agonists, such as fibrates, are often used
to treat metabolic diseases [78]. PPAR-a or PPAR-B activation
enhances triglycerides and FAO decomposition, so PPAR-a
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agonists and PPAR-a/P dual agonists are mainly applied to reduce
blood lipids [79]. PPAR-y controls adipogenesis, adipocyte
differentiation, insulin sensitivity, and glucose metabolism, and
its agonists have become prevalent drugs for type 2 diabetes [80].

Robust evidence has manifested that intervening PPARs can
regulate renal fibrosis. In an animal model of tubulointerstitial
fibrosis, PPAR-a expression was significantly reduced, and PPAR-a
agonist BAY PP1, but not fenofibrate, remarkably attenuated
fibrosis through restoring the PPAR-a level in renal tubular cells
without adverse effects [81]. During body aging, the degree of
renal fibrosis gradually increases and renal function declines, and
Ki Wung Chung et al. found that an impaired PPAR-a pathway
accelerates fibrogenesis of aged kidneys in mice [9]. This research
group later gave MHY2013, a PPARa/(3 dual agonist, to aging rats,
to eliminate lipid aggregation and renal fibrosis in the rats’ kidneys
[82]. These results confirmed PPARs agonists help delay renal
dysfunction. Regarding renal fibrosis, recent studies have further
shown that PPAR-a agonist fibrates have visible therapeutic
effects. In the context of renal transplantation-induced fibrosis,
administration of fenofibrate in kidney transplantation rat models
suppressed EMT induced by oxidative stress, and relieved renal
fibrosis through directly improving FA metabolism [83].

In parallel with this, PPAR-y participates in the maintenance of
renal metabolism homeostasis [53], and PPAR-y agonists have also
been reported to have similar effects in a few papers. Kim et al.
found that lobelgitazone, a drug mainly used for diabetes, can
inhibit the TGF-f/Smad3 pathway to slow down UUO-induced
renal fibrosis, displaying kidney protective functions [84, 85].
Another two PPAR-y agonists, including rosiglitazone, can inhibit
EMT and tubulointerstitial fibrosis via antagonizing ROS in DKD
[84]. Pioglitazone can reduce TGF-B1 induced renal fibrosis in mice
by inhibiting EGR-1, STAT3, and AP-1 [86]. These findings indicate
that PPAR-y may be a potential target for the treatment of CKD
and fibrosis in the future. Indeed, repositioning of the PPAR-y
agonist can decrease time cost and lower risk over the new drug
development pipeline. However, in the UUO renal fibrosis model,
two separate studies from Kawai et al. on the therapeutic effect
of pioglitazone reached the opposite conclusion. Therefore,
whether PPAR-y has definite anti-renal fibrosis require further
study [87, 88].

PGC-1a

PGC-1a belongs to PGC-1 family. The other two members of PGC-1
are PGC-1f3 and PGC-1-related coactivator. PGC-1a is a co-activator
of PPARs and facilitates stimulating mitochondrial and peroxiso-
mal biogenesis. PGC-1a can affect gene regulation of lipid
synthesis and transport by interacting with PPARs, thus PGC-1a
is also an important cellular lipid balancer and energy regulator
[89]. PGC-1a expression is often reduced in aging or fibrotic
kidneys, corresponding to weakened cellular metabolism [90]. Like
PPARs, it is reasonable that PGC-1a also affects renal fibrosis.
Administration of the PPAR-y agonist rosiglitazone to DKD mice
with fibrosis can increase PGC-1a expression, thus reducing ROS
and protecting the kidney from injury [91]. Han et al. reported that
PGC-1ais a target gene of Notch. After inhibition of Notch, PGC-1a
transcription is blocked, and then kidney cells encounter FAO
deficiency. Restoring PGC-1a gene expression can counteract
Notch-mediated kidney damage and fibrosis [92]. Qin et al. also
report that berberine protects against diabetic kidney fibrosis via
promoting PGC-1a-regulated mitochondrial energy homeostasis
[93]. However, Wang et al. silenced PGC-1a by siRNA, which broke
the positive feedback loop between TGF-$ and PGC-1a, unex-
pectedly decreasing the expression of fibronectin and collagen |
[94]. This suggested that not PGC-1a inhibition but activation in
renal tubular cells contributes to anti-fibrosis, contrary to the
previous results. This was the first time that PGC-1a has been
found to promote fibrosis by acting on TGFB-RI, PI3K/Akt, and p38
MAPK. These studies imply that intervention in PGC-1a may
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change renal fibrosis, but the more recent opposite results
obscure the role of PGC-1a in the kidney.

PCSK9

PCSK9 is a gene closely related to hypercholesterolemia, and its
encoded enzyme PCSK9 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 elicit LDL-C overload. Accordingly, PCSK9 is a key
molecule required to regulate blood LDL-C. PCSK9 inhibitor
(PCSK9i) is principally used in lipid-lowering therapy to regulate
blood lipid metabolism and improve cardiovascular function [95].
Alirocumab and evolocumab are currently available PCSK9i, both
of which are monoclonal antibodies binding to PCSK9. PCSK9i has
exhibited renal protective effects in several studies on CKD. The
application of PCSK9i in kidney disease mainly focuses on
lowering cholesterol levels and improving complications such as
cardiovascular disease in CKD patients [96, 97]. There are few
studies on PCSK9i employment in renal fibrosis. Through literature
mining we found only one group documenting that the PCSK9Qf3-
003 vaccine could enhance FAO via its own original lipid
regulation effect, ameliorating hypercholesterolemia and renal
fibrosis in UUO and N-nitro-L-arginine methyl ester mice model
[98]. In more detail, the PCSK9QB-003 vaccine profoundly elevated
CD36, CPT1A, PPARa/y, PGC-1a, and SREBP2, while downregulat-
ing TGF-B/smad3 in the kidney, representing a possible anti-
fibrosis mechanism through the FAO pathway. However, it is
worthy to notice that the reduced hypercholesterolemia by PCSK9
vaccine in renal injury models is likely a result of improved LDL
clearance in the liver due to PCSK9 antagonizing. Injury kidneys
have increased circulating PCSK9 levels, thus, whether PCSK9
inhibition improves renal fibrosis via reducing circulating lipid
levels rather than targeting renal lipid metabolism deserves
further confirmation. This study provides an incentive to further
confirm its effect on renal fibrosis. Exploring new indications 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 warrants further preclinical
trials and clinical trials to determine. Additionally, whether the
PCSK9 antibody mainly acts on the kidney cells themselves or on
the PCSK9 highly expressed liver cells remains to be corroborated,
as PCSK9 expression in the kidney is low.

Other regulators of lipid metabolism with an emerging role in
treating renal fibrosis

In addition to the typical modulators aforementioned, recently
several other lipid metabolism regulators have also been
preliminarily discovered, and they may deserve to be excavated
as drug targets.

FABP4 is one of the subtypes of FABPs that is able to transport
FAs and can downregulate its target gene PPAR-y [99]. In vitro use
of FABP4 siRNA or inhibitor, and in vivo FABP4 knockdown, can
enhance PPAR-y signaling and improve lipid metabolism, even-
tually leading to reduced inflammation and renal interstitial
fibrosis through the PPAR-y/ACOX1/CPT1 and PPAR-y/NF-kB/ICAM
pathways, respectively [100]. Analogously, FATP2 mediates the
uptake of albumin-bound non-esterified FAs by distal renal
tubular cells, avoiding the lipotoxicity of non-esterified FAs [101].
Activating transcription factor 6a (ATF60q) is a transcription factor
reported to participate in lipid metabolism regulation. ATF6a may
downregulate PPAR-a, mediate lipid aggregation and mitochon-
drial dysfunction, and even promote secretion or expression of
fibrotic factors such as CTGF, alpha-SMA, and collagen I. With the
help of a unilateral ischemia-reperfusion injury-induced kidney
fibrosis model, researchers demonstrated that ATGFa in proximal
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renal tubular cells was activated and then moved into the nucleus,
acting as an inhibitor of PPAR-a to reduce PPAR-a expression, then
led to CPT2 (one target gene of PPAR-a) downregulation. Since
CPT2 is a vital transporter mediating FAs entry into mitochondria,
ATGa can influence FAO and mitochondrial functional home-
ostasis, inducing lipid aggregation/lipotoxicity and CTGF over-
expression, followed by cell necrosis and finally fibrosis [102]. The
subsequent use of fenofibrate to reverse ATF6a-mediated
lipotoxicity and fibrosis in mouse kidneys further verified the
pathway of ATF6a/PPAR-0/CPT2, but how ATFa was activated was
not clarified. In addition, as the same study shown, the role of
ATF6a in different disease models is very different, so its role
needs further determination. Liver kinase B1 (LKB1) is a serine
kinase regulating adipogenesis and differentiation. Seung Hyeok
Han and others reported that phosphorylated LKB1 expression in
tubule epithelial cells was decreased in a human fibrotic kidney,
which indicated a link between LKB1 and renal fibrosis. Then they
found that LKB1 deficiency-induced impaired renal glucose and
FAs utilization through AMPK and PPAR-a [103]. Whether LKB1 can
control fibrosis needs further verification. Feng et al report that
activated NF-kB/Nrf2 and Wnt/p-catenin pathways are associated
with lipid metabolism in CKD patients with microalbuminuria and
macroalbuminuria, which provides several more possible targets
for modulating renal lipid metabolism [104].

On the other hand, some molecules can indirectly regulate
fibrosis by cross-talking with lipid metabolism. Numerous studies
have proved that complement is a causative factor for various CKD
and acute kidney diseases, and complement components includ-
ing C3 and C5 are also involved in renal fibrosis [105-107]. In DKD,
C5a inhibition can downregulate diacylglycerol O-Acyltransferase
1 and SREBP-1, and C5a inhibitor NOX-D21 reduced tubular
sclerosis and improved lipid metabolism [108], suggesting drugs
against complement may also prevent renal fibrosis through
cross-talk with lipid metabolism. Autophagy is also tightly related
to lipid metabolism. During 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 autophagosomes generation, and
promote the cellular deposition of lipid droplets, which may result
from the accumulation of free FAs, so lipotoxicity caused by
autophagy in the kidney will motivate the fibrotic phenotype [36],
and axis “autophagy-metabolism-fibrosis” may offer an alternative
pathway against renal fibrosis. HIF-1a is a key factor regulating cell
lipid metabolism and lipid accumulation, thus provoking fibrosis
by promoting ECM accumulation [109-111]. Mitochondrial uncou-
pling protein (UCP2) is also involved in regulation of mitochondrial
functional activity and lipids metabolism, especially FAO. Ke et al.
demonstrated that UCP2 and HIF-1a are involved in 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-1a by regulating mitochondrial respiration
and oxygen content, thereby regulating lipid accumulation and
ECM and controlling the initiation and development of fibrosis,
which may be related to PPAR-a and CPT1A [112]. Other
molecules, such as mitochondrial transcription factor A [113]
and vascular endothelial growth factor B [114], have also been
shown to influence nephropathy and fibrosis by regulating lipid
metabolism.

Although in-depth studies on these emerging regulators are still
lacking, they may represent a series of novel possible targets in
the axis of “lipid metabolism-renal fibrosis”. Likewise, we can
select candidates for anti-fibrosis from the repertoire of molecules
with lipid metabolism regulation ability.

LIPID METABOLISM-RELATED NONCODING RNAs
Epigenetics and its derived gene therapy are hot spots at present,
especially the miRNA-based and long noncoding RNA (IncRNA)-
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based agents with inspiring advancement. By virtue of cutting-
edge sequencing techniques and effective gene intervening
strategies, we can expedite our excavation on drugs based on
epigenetics. As seen from nonalcoholic fatty liver disease (NAFLD),
miRNAs and IncRNAs play crucial roles in the pathology of
pulmonary lipid metabolism, metabolic inflammation, regenera-
tion, and fibrogenesis [115]. These noncoding RNAs in the liver
take part in cholesterol synthesis and FAO via targeting multiple
metabolism-associated genes, thus control steatosis, NAFLD, and
end-stage liver fibrosis, through lipid accumulation and lipotoxicity
[115]. Likewise, targeting noncoding RNAs upstream of regulatory
factors in the lipid metabolism pathway to treat renal fibrosis has
also shown encouraging progress in preclinical studies.

miRNAs involved in lipid metabolism and renal fibrosis

miRNAs are a class of noncoding RNAs that regulate gene
expression transcriptionally via binding to mRNAs, and play a key
role in cellular physiology and disease pathology, including
metabolism [116, 117] and CKD [118, 119] respectively. Although
there are relatively fewer studies on miRNAs in renal fibrosis,
miRNAs may be novel targets for anti-fibrosis, based on existing
studies. Moreover, miRNAs may engage in kidney metabolism via
checking specific genes, hence mediating fibrogenesis in a
metabolic manner.

In this part, we solely focus on the axis of miRNAs-lipid
metabolism-renal fibrosis. MiR-21 is the first miRNA that has been
shown to link lipid metabolism to renal fibrosis. MiR-21 targets
PPAR-a, Mpv17I (a gene that inhibits the production of ROS), and
reck (inhibits metalloproteinases) to downregulate their expres-
sion, thus disrupting the balance of lipid metabolism and
accelerating renal damage and fibrosis, while systematic knockout
of miR-21 precluded the pathological role of miR-21 in a UUO and
unilateral ischemia-reperfusion mice model [120]. Gomez et al.
found that miR-21 can increase intracellular lipid aggregation and
ROS production by silencing PPARa and inhibiting antioxidant
proteins. Subsequently, they developed highly specific ASOs
targeting miR-21, which was selectively positioned into kidney
of mice and knocked down miR-21 after subcutaneous adminis-
tration. MiR-21 ASO significantly improved proteinuria in an Alport
nephropathy (a hereditary glomerular disease, with the clinical
manifestation of chronic glomerulonephritis) model, and inhibited
glomerular sclerosis and renal interstitial fibrosis. These therapeu-
tic effects were related to enhanced mitochondrial functional
activity, reinforced mitochondrial FAO activity, and reduced
mitochondrial ROS production [121]. Note that nowadays the
anti-miR21 oligonucleotide RG-012 has entered clinical trial phase
| (NCT03373786) and is being tested in patients with Alport
syndrome by subcutaneous injection. Although it is not specific
for renal fibrosis, RG-012 may also be developed into a drug for
the treatment of renal fibrosis considering that miR21 genuinely
dictates 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 the homeostasis
of organ functions, can prevent fibrosis of organs, including the
kidney. Compared with mice injected with only lentivirus vector,
renal interstitial fibrosis in a UUO mouse model injected with
lentivirus carrying miR-9-5p was profoundly alleviated, with a
reverse of aberrant gene expressions mainly related to FAO, the
tricarboxylic acid cycle, glycolysis, oxidative phosphorylation, and
mitochondrial function, which are down-regulated during fibrosis.
miR-9-5p prevented a decline of the CPT1A level, and it was
further found that PGC-1a was necessary for miR-9-5p to exert
renal protective effects. These findings illuminated the metabolic
reprogramming effect of miR-9-5p in renal fibrosis, especially in
regulation of the cellular lipid metabolism pathway [122].

Similarly, miR-33, an miRNA known to be encoded by the region
within the SREBP gene and highly expressed in the kidney, can
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promote fibrosis and inflammation in DKD through the NF-kB/
TGF-B pathway [123]. Based on this, Price et al. used a 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 downstream regulatory genes, CPT1A
and carnitine O-octanoyltransferase (CROT, an enzyme catalyzing
the reversible transfer of fatty acyl groups), showed increased
expression. Finally, cellular lipid aggregation was eliminated in the
kidneys, which effectively dampened renal fibrosis. This study
reveals the possibility of targeting the kidney’s miRNAs to treat
fibrosis [124].

LncRNAs in lipid metabolism and renal fibrosis

IncRNAs are a type of non-coding RNA with a length greater than
200 bps [125]. They are able to manipulate development of
various diseases via regulating gene expression transcriptionally,
post-transcriptionally, and epigenetically. Several IncRNAs have
been characterized in renal fibrosis, such as Erbb4-IR [21], Inc-TSI
[126], CYB4P1-PS1-001 [127], IncRNA ZEB1-AS1 [128], and IncRNA
taurine upregulated gene 1 (TUGT1). Among them, TUG1 could
upregulate PGC-1a expression through interacting with the
upstream region of the PGC-1a gene to promote the binding of
PGC1-a to its promoter, which modulates multiple downstream
genes of PGC-1q, including CPT1B, and partially reverses the high
glucose-induced mitochondrial destruction in podocytes, facilitat-
ing energy metabolism [129]. The direct effect on PGC-1a endows
TUG1 with the ability to regulate mitochondrial biosynthesis and
energy metabolism activity, suggesting that engineered TUG1 is
likely to treat renal fibrosis. For other IncRNAs listed here,
metabolic reprogramming is not an essential component of their
mode of action.

Due to the controversy over protein-level candidates (such as
PPARs) as mentioned earlier, directly targeting the kidney’s
miRNAs or IncRNAs may be a better strategy. At present, famous
biotech companies (Synlogic, Miragen, Regulus Therapeutics and
etc.) are vigorously propelling miRNA drug pipelines.

Obstacles of noncoding RNAs as drug targets

In contrast, it is difficult to define whether a miRNA or IncRNA is
“good” or “bad” due to its different effects depending on the
disease background or tissue localization. For example, miR-9-5p is
“versatile”: it protects peripheral nerves [130] and the kidney [120]
from pathological conditions and inhibits glioblastoma cell
proliferation [131], while on the other hand, it incites cervical
cancer angiogenesis and invasion [132]. Therefore, in order to
avoid severe toxic effects, miRNAs or IncRNAs should be targeted
as specifically as possible. To realize this purpose, drug delivery
must be carefully designed. Viral vectors are widely used for
loading nucleic acids in biological experiments, but they have
some risk elements, including immunogenicity, limited packaging
capacity, and the possibility of causing oncogenesis, so they have
not been deemed as ideal biomaterial for in vivo drug delivery
[133]. Nowadays, nanoparticles (NPs) are popular drug carriers.
Nano-liposomes and other nanoparticles modified with specific
peptide chains to achieve highly specific targeting of miRNAs and
IncRNAs will help reduce undesirable effects within other organs
and tissues [134]. Recently, an in vivo miRNA encapsulating
system based on polymeric NPs was deemed as an efficient and
sustainable delivery approach. Effective and safe infarcted
myocardium restoration was achieved when locally injecting
miRNA polymeric NPs with invasiveness [135]. Other types of NPs
(bacterial minicells, gold NPs, dendrimers, etc.) are also exploited
to encapsulate miRNA, especially for cancer therapy [136].
Exosomes are 30-200 nm membrane-bound vesicles naturally
secreted by cells, containing lipids, proteins, DNA, mRNAs,
miRNAs, and IncRNAs [137]. They are engineered to be delivery
systems characterized by acquiring inspiring organotropism, a
property that endows exosomes with specific organ distribution
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post systemic administration [138]. Delivering drugs for cancer is a
cardinal hotspot in exosome research. miRNAs loaded into
exosomes will target and enter into expected tissues through
modification technologies, for example, exosomes carrying
mMiRNA-126 are able to accomplish lung homing after intravenous
administration, representing natural miRNA nano-carrier forma-
tion and successfully treating metastatic lung cancer both in vitro
and in vivo. Mechanistically, exosomes express a high level of
integrin 34 on their surface, which binds with surfactant protein C
located on epithelial cells in the lungs [139].

Therefore, considerable progress has been made in in vivo
miRNA delivery systems, which is shown in Fig. 4, especially for
tissue-targeted or cell-specific delivery. As for IncRNAs, their
delivery is similar to that of miRNAs. These technologies have also
been researched and preclinically applied in other fields besides
carcinoma, including in cardiovascular diseases, wherein exo-
somes with cardiomyocyte-specific binding peptides on the
surface lengthen their retention in the heart [140, 141]. In this
scenario, designing kidney-specific anti-fibrotic drugs from non-
coding RNA may be a promising area in the future, based on the
premise that we constantly address challenges in pharmaceutical
formulations, especially active delivery systems consisting of drug
particles and specific molecules bound to cells of interest.

Recently, even IncRNA candidate drugs have entered into
clinical trials (NCT03985072). Although among trials on miRNA/
IncRNA, cancer rather than fibrosis is the mainstream field being
evaluated, progress in nano-pharmacological techniques condu-
cive to cancer treatment will also be able to be used to overcome
renal fibrosis. Undoubtedly, adequate experiments are needed to
clarify the regulatory network of a candidate miRNA or IncRNA,
and their targeting security remains to be seen.

Other epigenetic targets in kidney lipid metabolism

Circular RNAs (circRNAs) are another group of noncoding RNAs,
with closed-loop structures where the 3’ and 5 RNA ends are
covalently joined together [142]. Recently, circRNAs have been
reported to participate in initiation and progression of renal
diseases such as acute renal impairment, chronic nephritis, and
diabetic glomerular injury [143]. circRNAs act as molecular
sponges or scaffolds that bind with microRNAs or proteins and
thus affect the intracorporeal processes of lipid metabolism, such
as lipogenesis, lipolysis, lipophagy, lipid efflux, and degradation
[142, 144], but there is rare research regarding how circRNAs
mediate lipid metabolism within the kidney, as well as lipid-renal
fibrosis axis. An increasing number of studies have demonstrated
that circRNAs regulate multiple lipid-related genes and lipid
metabolism processes in adipocytes, hepatocytes, and macro-
phages. For example, CircRNA_11897 promotes fatty acid synth-
esis through the miR-27b-3P/stearoyl-CoA desaturase pathway in
adipocytes of Large White and Laiwu pigs [145]; and circSAMDA4A
promotes adipogenesis and preadipocyte differentiation through
the miR-138-5p/EZH2 axis, resulting in obesity after bariatric
surgery in humans [146]. Although currently there are no circRNAs
can bridge lipid metabolism and kidney fibrosis, several novel
circRNAs, especially circACTR2, have been reported to regulate
high glucose-induced pyroptosis, inflammation, and fibrosis in
proximal tubular cells [143]. There is a crosstalk between glucose
and lipid metabolism, therefore, it is possible that more novel
circRNAs directly involved in renal lipid metabolism will be
identified in the future.

A number of recent studies revealed that another epigenetic
modification, DNA methylation also plays a central role in the
regulation of lipid metabolism [147]. DNA methylation modifica-
tions are important regulators of transcriptional networks that do
not affect the DNA sequence and can translate genetic variants
and environmental factors into phenotypic traits. Characterizing
the genetic and environmental control of methylation and its
contributions to the regulation of gene expression in lipid
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metabolism may help us understand the underlying biological
mechanism and identify new biomarkers and treatment targets
for renal fibrosis. For example, it is reported that methylation of
one CpG upstream of a promoter region of CPTT1A was strongly
associated with triglyceride and negatively correlated with CPT1A
expression in a clinical study [148], further gene expression
changes in CPT1A explained 13.5% of the observed association of
CPT1A DNA methylation at the CpG site with triglyceride
[148, 149]. Other reports showed that PGCla was differentially
methylated in response to a 5-day high-fat diet in subcutaneous
adipose tissues and skeletal muscle in a birth-weight specific
manner [150, 151]. These studies suggested that DNA methylation
is associated with gene expression, and the interaction explains
related phenotype changes in lipid metabolism.

SUMMARY AND OUTLOOK

Aberrant intra-renal lipid metabolism is a universal characteristic
and pathological factor in renal fibrosis. Therefore, developing
drugs able to master renal lipid metabolism may help treat renal
fibrosis. The rational of targeting lipid metabolism mainly includes
regulating ER stress, ROS, fibroblast activation, ECM expression,
tubule injury, pro-inflammatory microenvironment, and macro-
phage skewing/reprogramming (Fig. 1). In this article, we reviewed
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. These evaluations, acquired from preliminary studies,
have shown that “druggable” lipid metabolism has the potential
to control renal fibrosis. Among other lipid metabolism-related
molecules, gene therapy based on miRNAs has also been
introduced, because studies are gradually emerging supporting
that they connect kidney metabolism and fibrosis, and have the
possibility to be anti-fibrotic drugs.

Equally of note, the resource of renal lipids is somewhat vague,
as the kidney is an excretory organ with abounding blood and
metabolites flowing through it, and suffers from countless
exogenous invasions. To this end, although this review was
focused on lipid metabolism within the kidney, we cannot exclude
the possibility that kidney aberrant lipids originate from other
tissues. Moreover, the exact mechanism based on the “lipid-
fibrosis axis” is far from clear yet, albeit with phenotypic success,
as announced in preclinical trials, which we discussed earlier.

In the field of oncology, metabolic research is undoubtedly a
hot spot, and scientists are confident of developing new
antineoplastic drugs from the perspective of metabolic repro-
gramming. In fibrosis, it is also likely to find new drugs targeting
metabolic dysregulation and to achieve drug repositioning based
on existing compounds with metabolic targets. The fibrosis
mechanism is particularly complex and is far from having a clear
conclusion, but preclinical experiments have shown promising
aspects of lipid metabolism, such as the FAO molecular pathway,
in treating renal fibrosis models. These should be valued by more
researchers in the near future because many anti-renal fibrosis
drugs targeting the traditional TGF-3 pathway are ineffective and
nonspecific. Since TGF-f is a fundamental conductor in many
physiological processes, inhibition of TGF- will lead to carcino-
genesis [152], autoimmunity [153], compromised wound healing
[154], and other unwanted effects. Thus, we must make a shift
now. Metabolic imbalance may be the downstream reaction of or
partly in parallel with the TGF-$ pathway [1]; on the other hand,
lipid metabolism affects the physiology of the kidney to a great
extent, but research on finding a target in anti-renal fibrosis from
this perspective is still lacking, and there has not been a suitable
drug target determined yet. Therefore, it is urgent and essential to
explore a set of weighting networks for the regulation of renal
lipid metabolism, and to find the most critically targetable
molecules in renal fibrosis.
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From the point of view of practice, drugs targeting metabolism
in cancer have been wedged into clinical trials. According to
clinicals.gov (https:/clinicaltrials.gov/), fatty acid synthase inhibi-
tor TVB-2640, combined with paclitaxel and trastuzumab, was
tested on patients with HER2 positive breast cancer to find out
whether this metabolic drug can contribute to better anticancer
effects (NCT03179904). Metformin, a well-known drug for meta-
bolic diseases, has been examined in breast cancer clinically after
the discovery of its anti-cancer effect in numerous animal model
experiments (NCT04387630). Other drugs being designed to
target glucose or amino acid metabolism include CPI-613 (a-
ketoglutarate dehydrogenase complex, NCT04203160), lefluno-
mide (dihydroorotate dehydrogenase 2, NCT03709446), CB-839
(glutaminase-1, NCT02861300), and ADI-PEG 20 (arginine deimi-
nase, NCT03449901). These attempts will lay the foundation for
clinical translation of metabolic strategies in fibrosis. Latest clinical
trial has demonstrated that TVB-2640 has achieved satisfactory
effect in reducing hepatic de novo lipogenesis and restoring liver
function in NASH in clinical trial stage 2b, as well as NASH related
fibrosis [155]. This excited result will encourage more anti-fibrosis
trials on other organs, including kidney.

Considerable ongoing research on modifying metabolic repro-
gramming to overcome cancer will provide an opportune
reference for fibrosis prevention and treatment, deepening our
understanding of the molecular mechanisms. Advanced therapies
for locally targeting kidney tissues, and even the exact cell types,
will greatly depend on successful pharmaceutical preparations
and delivery technology.
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