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Abstract

Glomerulonephritis (GN) is the most common cause of end-stage renal failure worldwide; in most cases, it cannot be
cured and can only delay the progression of the disease. At present, the main treatment methods include sympto-
matic therapy, immunosuppressive therapy, and renal replacement therapy. However, effective treatment of GN is hin-
dered by issues such as steroid resistance, serious side effects, low bioavailability, and lack of precise targeting. With
the widespread application of nanoparticles in medical treatment, novel methods have emerged for the treatment

of kidney diseases. Targeted transportation of drugs, nucleic acids, and other substances to kidney tissues and even
kidney cells through nanodrug delivery systems can reduce the systemic effects and adverse reactions of drugs

and improve treatment effectiveness. The high specificity of nanoparticles enables them to bind to ion channels

and block or enhance channel gating, thus improving inflammation. This review briefly introduces the characteristics
of GN, describes the treatment status of GN, systematically summarizes the research achievements of nanoparticles

in the treatment of primary GN, diabetic nephropathy and lupus nephritis, analyzes recent therapeutic developments,
and outlines promising research directions, such as gas signaling molecule nanodrug delivery systems and ultrasmall
nanoparticles. The current application of nanoparticles in GN is summarized to provide a reference for better treat-
ment of GN in the future.
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secondary GN include diabetic nephropathy (DN) and
lupus nephritis (LN) (Table 1). The symptoms of GN
vary widely. Many patients have no special symptoms
in the early stage. Some patients present with nephritic
syndrome (hematuria, proteinuria, edema and hyper-
tension), and some patients show nephrotic syndrome
(hyperlipidemia, severe edema, heavy proteinuria
and hypoproteinemia) [2]. Even patients with the
same pathological characteristics may exhibit varying
degrees of proteinuria [3]. However, some typical clini-
cal manifestations can correspond to specific GN. After
1-4 weeks of streptococcal infection, patients with
symptoms such as edema, hypertension, and hematuria
can be diagnosed with acute GN [4]. Recurrent episodic
microscopic or macroscopic hematuria is a landmark
clinical feature of IgAN, which is the most common
primary GN in the world [5]. Minimal changes in GN
are the most common type in children [2]. Except for
LN, the other types of GN are more common in the
male population than in the female population [6].

Table 1 Disease characteristics of common glomerulonephritis
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Renal biopsy is the preferred method of diagnosis for
GN and can guide treatment and prognosis [7]. Many
patients have no special signs in the early stage, which
increases the difficulty of disease diagnosis and treat-
ment. At the same time, increasing evidence shows
that immunosuppressive drugs have limited therapeu-
tic effects on IgAN [2]. The 1-year renal survival rate of
patients who are double-positive for antineutrophil cyto-
plasmic antibody (ANCA) and anti-glomerular base-
ment membrane antibody (anti-GBM) with crescentic
GN, even after treatment with immunosuppressive
drugs and plasma exchange, remains lower than that of
patients with either anti-GBM or ANCA alone [8]. GN
has a high incidence rate, which usually cannot be com-
pletely cured, and may progress to chronic GN and end-
stage renal disease (ESRD) [9]. Research has shown that
the incidence of ESRD may increase in the future [10].
When GN progresses to ESRD, hemodialysis or kidney
transplantation is almost the last option. Dialysis therapy
may cause a serious economic burden to patients [11].

Disease Pathogenesis

Symptoms Treatment

Primary GN Acute GN Infection, immune complex

deposit circulating or implanted

antigens

Crescentic GN
and extrarenal diseases

Membranous GN
systemic immune diseases,
or some drugs

Membranoproliferative GN  Immune complex deposit

or complement pathway activa-

tion

Mesangial proliferative GN Immune complex deposit

FSG and Minimal change GN

factor action

IgAN Immune complex deposit
or abnormal immunomodula-
tion

Chronic GN Caused by the development

of acute GN or immune-medi-

ated inflammation

Immune mechanisms or renal

Secondary to infections, tumors,

Undefined, may be podocyte
injury or circulating permeability

Abnormal urine, edema,
hypertension, abnormal kidney
function

Symptomatic treatment

Symptoms such as proteinuria
and hematuria progress rapidly
to oliguria and anuria

Corticosteroids, immunosuppres-
sor, plasmapheresis

Nephrotic syndrome Spontaneous remission occurs
in up to a third of patients, symp-
tomatic treatment, immunosup-

pressor
Hematuria, proteinuria, chronic
renal failure or nephrotic
syndrome

Symptomatic treatment, corticos-
teroids, immunosuppressor

Hematuria, proteinuria
or nephrotic syndrome

Symptomatic treatment, immu-
nosuppressor

Nephrotic syndrome or pro-
teinuria

Symptomatic treatment, immu-
nosuppressor

Hematuria or proteinuria Symptomatic treatment,
immunosuppressor are offered
to patients with a rapidly progres-

sive course of GN

Proteinuria, hematuria, hyper-
tension, edema or chronic renal
failure

Symptomatic treatment, corticos-
teroids, immunosuppressor

Secondary GN' DN

LN

Oxidative Stress, hyperglycemia,
inflammation and renin-angio-
tensin-aldosterone system

Immune complex deposit,
chemokine-mediated recruit-
ment of different leukocyte sub-
sets and extrarenal pathogenic
mechanisms

Decline in renal function, pro-
teinuria and GFR declined

Usually asymptomatic or pro-
teinuria

Symptomatic treatment, control
blood glucose

Symptomatic treatment, corticos-
teroids, immunosuppressor

GN Glomerulonephritis, FSG Focal segmental glomerulosclerosis, IgAN IgA nephropathy, DN Diabetic nephropathy, LN Lupus nephritis
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In the long run, kidney transplantation may have higher
economic value than dialysis, but approximately 40% of
kidney transplants fail within ten years, without improv-
ing kidney and patient overall survival rates [12].

At present, the primary clinical therapy for GN is
symptomatic therapy and immunosuppressive therapy
(e.g. glucocorticoid, ciclosporin, etc.). Most patients
with GN can only delay the progression of the disease
and cannot be completely cured. Some types of patients
with GN are prone to relapse and steroid resistance after
treatment, or progress to ESRD, which are very difficult
to treat. Patients with ESRD are usually treated with
replacement therapy, which increases the economic bur-
den of patients and reduces the quality of life. The side
effects of some immunosuppressants exceed the thera-
peutic effect. Therefore, new GN treatment methods are
urgently needed [1, 7].

Nanotechnology has flourished in multiple fields,
including medicine, such as targeted transportation,
in vivo imaging, assisted diagnosis, and disease treat-
ment. Encapsulating drugs with nanoparticles (NPs)
can target drug delivery, improve bioavailability, avoid
systemic effects, and reduce drug toxicity and adverse
reactions [13]. Specific dimensions can be more effec-
tively deposited on the target area and play a targeted

Symptomatic therapy

Antihypertensive treatment
Proteinuria reduction treatment
Low-protein diet

Renal replacement therapy
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role. There have been many attempts to deliver drugs to
the kidney by nanodrug loading systems, which mainly
deliver drugs to mesangial cells, podocytes and endothe-
lial cells [14]. Although some reviews have summarized
the application of nanodrugs in kidney diseases or DN
[15, 16], there is no review related to nanodrugs in the
treatment of GN. Therefore, this review briefly intro-
duces the concept, pathologic changes and current
treatment situation of GN, summarizes the application
of nanotechnology in the treatment of primary GN and
secondary GN (DN and LN) (Fig. 1), and proposes some
treatment methods that have the potential to be applied
in the treatment of GN. The focus of this review is on the
application and prospects of nanotechnology in the treat-
ment of GN.

Changes in the glomerular filtration barrier (GFB)
in GN

GFB consists of glomerular endothelial cells, glomeru-
lar basement membrane (GBM) and podocytes. Podo-
cytes originate from the renal mesenchyme and reach
the outside of the GBM. Structural changes in podocytes
may cause kidney diseases, including GN. For example,
patients with DN lose and damage podocytes, resulting
in GFB damage and kidney lesions.

Immunosuppressive therapy
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Fig. 1 Schematic diagram of GN treatment. (Symptomatic therapy, renal replacement therapy, immunosuppressive therapy, primary GN
nanotherapy, DN nanotherapy, LN nanotherapy). GN glomerulonephritis; DN diabetic nephropathy; LN lupus nephritis; RRT renal replacement

therapy; UAE urinary albumin excretionopathy
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Physiological and pathophysiological structure of GFB
GFB is a unique structure with selective permeability,
serving as both a molecular barrier and a charge bar-
rier, which can prevent the filtration of various plasma
albumin and negatively charged macromolecules in the
blood. Proteinuria, which occurs when the GFB is dam-
aged, is characteristic of most kidney diseases and is a
factor in the rapid progression to renal failure [17].

Glomerular hyperfiltration

Glomerular hyperfiltration is an abnormal increase in
the glomerular filtration rate (GFR), filtration fraction
or nephron filtration. A high-protein diet and pregnancy
can cause physiological glomerular hyperfiltration [18,
19]. In DN, changes in renal function successively lead to
glomerular hyperfiltration, increased urinary protein and
decreased progressive GFR. Glomerular hyperfiltration
may be an early manifestation of DN. Hyperglycemia may
be a factor in the pathogenesis of glomerular hyperfiltra-
tion in patients with diabetes, and changes in renal func-
tion related to blood glucose have important significance
for the progression of DN. At the same time, glomerular
hyperfiltration was also observed in the secondary FSG
(Fig. 2).

In summary, GFB plays a crucial role in maintaining
renal homeostasis. An abnormal increase in GFR and
destruction of the GFB are important factors affecting
the development and poor prognosis of GN. Repairing
and protecting the structure of the GFB and reducing
glomerular hyperfiltration are therapeutic strategies for
GN.

Afferent arteriolar
resistance

Physiological

Pregnancy

High protein diet

Afferent arteriolar
resistance

glomerular capillary
plasma volume flow rate

v
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Current treatment status of GN

GN is the main cause of chronic kidney disease. There-
fore, GN patients need symptomatic treatment to delay
disease progression. The disease classification of GN
lacks complete consensus in histopathology. Different
classifications of GN based on pathological or etiological
definitions have the same clinical manifestations, and the
treatment method is determined based on clinical mani-
festations [1].

Symptomatic therapy

Symptomatic treatment is applicable to all progressive
GN, including antihypertensive treatment, proteinuria
reduction treatment and a low-protein diet. ACE inhibi-
tors (ACEis) or angiotensin II receptor blockers (ARBs)
are first-line drugs for treating hypertension and pro-
teinuria [7, 20]. Symptomatic treatment can alleviate the
symptoms of proteinuria and slow the progression of
nonspecific GN. In adult GN patients with nephrotic syn-
drome, antiedema and anticoagulant therapy also need to
be considered. Based on the evaluation of patient status,
serum albumin levels below 20-25 g/L may indicate anti-
coagulation prevention [21]. For edema symptoms, loop
diuretics are the first choice, and a low salt diet is needed
[7]. For IgAN, because of the typical clinical manifesta-
tions, such as massive proteinuria, hypertension and
reduced GFR, oral glucocorticoids combined with ACEis
or ARBs are the first-line treatment [22]. Immunosup-
pressive drugs should not be used except for those with
rapidly progressing IgAN [2].

Efferent arteriolar
resistance

Pathological

DN
- FSGS

y *

Efferent arteriolar
resistance

Glomerular hyperfiltration

Fig. 2 Factors in glomerular hyperfiltration. The factors of glomerular hyperfiltration include physiological glomerular hyperfiltration
and pathological glomerular hyperfiltration, among which physiological factors include a high-protein diet and pregnancy, and pathological factors
include DN and FSGS. SNGFR single-nephron glomerular filtration rate; DN diabetic nephropathy; FSGS focal segmental glomerulosclerosis
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Immunosuppressive therapy

In addition to symptomatic treatment applicable to all
patients, immunosuppressive treatment methods, includ-
ing glucocorticoids, calcineurin inhibitors (ciclosporin
and tacrolimus), anti-proliferation and anti-metabolism
drugs (mycophenolate ester), antibody drugs (baliximab
and rituximab), alkylating agents (cyclophosphamide)
and natural drugs (tripterygium wilfordii and its deriva-
tives), are applicable to specific GN cases.

Glucocorticoids are first-line drugs for GN that can
be applied in almost all types of GN and can effectively
reduce urinary protein levels. Some studies have shown
that glucocorticoids are beneficial for GN patients with
proteinuria exceeding 3 g/day and a GFR below 50 mL/
min [23]. Glucocorticoids are often used for minimal
change GN and FSG, and FSG requires long-term high-
dose treatment [1, 7]. The treatment of proliferative LN
(class III and IV) and anti-GBM crescentic GN mostly
starts with steroid impulse therapy, followed by oral
cyclophosphamide and prednisone [1].

In membranous GN, alkylating agents (such as cyclo-
phosphamide) plus corticosteroids or calcineurin
inhibitors are commonly used for treatment. Immu-
nosuppressive drugs are only considered when GFR
decreases or severe complications of nephrotic syn-
drome occur [2]. Rituximab is a relatively new treatment
method that has achieved partial or complete remission
in membranous GN [24] and may have a direct impact
on podocytes, thus having a certain therapeutic effect in
minimal change GN [25]. Triptolide can inhibit the pro-
liferation of mesangial cells in IgAN, and its application
in membranous GN, LN and DN can reduce proteinuria
and play a role in renal protection [26-30].

Renal replacement therapy

Although there are currently treatment and remission
programs for GN and researchers are constantly mak-
ing new attempts, there are still many GN patients whose
conditions cannot be controlled and gradually progress
to chronic GN and even end-stage renal failure. For
these patients, renal replacement therapy is a method of
life support and life assurance treatment. Renal replace-
ment therapy includes hemodialysis, peritoneal dialysis
and kidney transplantation [31]. Patients use dialysis to
remove excess body fluids to restore normal circulation
and blood pressure. Different dialysis membranes are
used according to the actual situation to remove impu-
rities and fluids. Most patients undergo dialysis three
times a week. Patients can maintain a normal life through
dialysis treatment, but not all patients can achieve good
results. Infection, malnutrition and other factors can
all cause complications of hemodialysis, with infection
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being one of the main causes of death in hemodialysis
patients [32].

Renal transplantation is the last resort for end-stage
renal failure. It can improve the survival rate and quality
of life of patients with renal failure. After transplantation,
immunosuppressive drugs are required to maintain the
status of the transplanted kidney [33]. Although kidney
transplantation can be successful, transplant patients are
prone to recurrent GN, thus leading to transplant failure
[34].

Application of nanomaterials in GN treatment
Nanomaterials are widely used in kidney diseases and
can be used for disease diagnosis, detection of renal
structure and function, delivery of drugs, and prevention
of diseases (such as transplant-induced reactions) [13].
Researchers are committed to developing NPs with both
diagnostic and therapeutic functions [35]. NPs are effec-
tive carriers that can carry various types of substances
and can be targeted for delivery to kidney tissue and cells,
achieving better results than conventional therapy and
reducing the systemic effects of drugs and adverse reac-
tions [36].

The role of nanomaterials in the treatment of primary GN

In the treatment of primary GN, NPs typically function
as a delivery system capable of transporting various drugs
and nucleic acids. Additionally, they can modulate ion
channel gating to regulate inflammation (Table 2) (Fig. 3).

The therapeutic effect of NPs containing commonly used
drugs on primary GN

In China, tripterygium wilfordii (TW) and its formu-
lations have been used for the treatment of GN [37].
Human serum albumin (HSA), as the most abundant
protein in plasma, has many excellent properties and is
widely used in biomedical fields [38]. By cleaving HSA
into small molecules that can be filtered by glomeruli,
peptide fragments (PFs) of HSA can accumulate in the
kidney and be reabsorbed by proximal tubular cells after
glomerular filtration. Such PFs can be suitable kidney-
targeting carriers [39]. Celastrol (CLT) is an immunosup-
pressive and anti-inflammatory agent derived from TW.
CLT-loaded albumin NPs with a size of 95 nm can target
drug delivery to mesangial cells and then achieve maxi-
mum accumulation, thus reducing CLT-related systemic
toxicity and alleviating the symptoms of proteinuria. It
also decreases the mRNA levels of MCP-1 and ICAM-1
to block monocyte infiltration and reduces the levels of
IL-6 and IL-1p, thus achieving anti-inflammatory effects
[40]. Triptolide (TP), which is also a bioactive diterpenoid
epoxide derived from TW, has immunosuppressive and
anti-inflammatory functions. TP coupled with PF-A,gg 5qc



Page 6 of 23

(2024) 22:9

Zhan et al. Journal of Nanobiotechnology

SN ‘Ayredoiydau yb| Nyb] ‘siiydauoiniawolb jeibuesaw Nopy ‘siiaydauoiniawolb aaljelayijoid [eibuesaw NOdspy ‘s||9D [e1buesaiy Dy ‘silaydauojniawolb aalbuunpiapjold [eibuessw NOJSW

J10)qIyut Jojearde usboujwseld jyd ‘|udoided gy ‘sapdiriedoueu sqpy ‘Duoseyiawexaq wxd ‘Ayredoiydau snoueiquuiaw N ‘DWoipuks di3olydau

uydauojniswolb NO

siydauonIawo|b [erusw

0] -112dxa an31jal pue AduaIdyja ases|al sbnip anocidu| |2uueyd uo| /XTd JO salpognueoueN Apognuy NO
sabueyd
(9] |ed16ojoyied jeuas aroidwi pue eunuiziold aonpay SIERRENEN s3jpniedourU HHDHT AISUSS Hd spunodwod |einieN| SN
dsig> <WnN-4NLPUe ‘911 'Yaw ‘ulunean
[v9] ‘NN $3583103p ‘S||92 [BURI JO SISOID3U Y3 dA0IdW| SIERRENEN sapd1iedoueu ueploon4 spunodwod |einieN| NO
$129)49 dinadesayy (ST-NYIM
[€9] Jam3q 2onpoid ‘sisoiqy pue uoleuwlwleul [ed0] UGIYu| wnibuessy 491 puUe SNXA YHM papeo| awosodijoueu pjoo sawosodr]/ny NO
und3UOIgY puUe Y |-|d JO Uoissaidxa pue
[CO]  UOnEBINWNDIE XL1PW JejNISWO|b Ul S95ea.10Ul 9oNPpay 1jNJaWO|D Y 1-1vd Yim papeo| saulosodi| dluoned awosod]| Jluoped NO
VNYISD 9deyng pue aged
uonIsodap XL1ew Jejn|[adei1xe Bujureluod sapiedoueu swosodi| bul
[19] DAISSIIXS pUR UOMBWUIEUI ‘eLNUIS10Id S1BIAS|Y  ||92 [BI]SYIOPUS pue DN -19b1e) Jejnisawo|b Juspuadap abieyd adepng pue ozi§ sawosodr NVO|
uonejnw g-449ad
[09'6G]  -ndde xulew pue uopnesayl|old [|92 [elbuessw a3npay O pueg-45gdx Buiuieluod sajdiiedouru uesolyD uesolyd  NOJSW
(SAN-daD/VNY!s) VNY!s
[89] 5|12 [e1IbuBSaW 03 AIaAlRp Bnip parabiel wnibuessy Bujueluod sapa11edoURU ULIIXSPOJIAD DJUOIeIA|Od ULIXaPO2AD d1uoneIA|0d NO
dv2 YHim papeo (WVVd) Jswlipusp
(€5] KI2n119p Bnup pa1abie] X2110D [eudy JaWAjod paziuoipuap apiweA|od payIpow aUlas-1  ujuweopiweA|od payIpow-(JaS) dULas-] NO
IjnJaWo|b ul usabnue Jeapnu
|92 Bunesayijoid jo uoissaidxa aanisod pue eale (ST-VD1d@dYD/SINXA
[es] |eibuesaw 2y Ui sabueyd [edibojoyred ayi anoidw| DWW P3J[ed) WidisAs AIAIRP T1-¥D1d PRPRO] dyD Pue SIWXAd 91eU0QqUeIA|Od ND
(SdN VS8 IN)
aujueald sapn
[8v] winJas pue ula10.d Aleunn Y g JO S|9A3] 9y 9onpay wnibuessy  -iedoueu UILING|e WNJIS SUIAOQG 2UO[0SIUpaIdIAYIa sawosod] NOW
X9110D XA YUM papeo)
/] [BUSJ pUB ASUPDY 943 Ul 910U 31e|nuundde ued sbnig W sajpiiedoueu a1euogledkjod-j0d4|6 ausjAyiak|od 91eu0quedA|0d-|0JA|D BUSAYIRAI0d  NDJSW
10943 Alojewweyul-ue sney (NXQ-YH/WIADWXA Yam
lov] ‘elinuiz104d 2dnpai ‘aduewioyad bunabiey snoidw| DWW PapeoT $9|[921WOUBN SAISUSS Hd DIaWIWOIg [SAON S9N NO
] sa1/00pod 01 AIoAl|Rp Bnip pa1abie] $91450p0d (S9WOS-0-1UIeS) WISAS JaiedoueU paseq pidi pidiq ND
uluNg|e pue [0193s3j0Yd WnJIas ‘elnuisiold paaoiduwl sawosodi| paylipow-(07
[y S1yredolydau snoueiquiaw Jo swoldwAs aAdljy D -XY1) PUOJY201pAY SulpiwezuagAxolfdapeiuadip-g's sawosod(] NW
uoisodap
XL1eW JB|N||9DBIIXD dAISSIIXD pue ‘Allle|n||901adAy
[o¥] Jejniawolb ‘uopewiweyul ‘eunuIRiold 31eInd|Y O sajd1iedouRU UILUNG|e PSPRO-ITD ulwngly  NOJdSW
G85-66CV-4d pue
diyiedoiydau snou 867-77 LV-4d'€T L~ 1 Y-4d:ullng|e Wnias uewny—(eAls
[L¥) -eIquiaW Jo swoldwiAs aA31[al ‘“A1IDIX01014D 9oNpay Asupry -sauddnsounwiul) apijoidu jo yuswbely apndad  siuswbely apndad urioid winias uewny NO
Joy 51293 oninadesay L 1961e) s9[diaed |eualely aseasig
siuydauojniswolb Asewiid ul sjeuaiewloueu Jo Aoedyys pue uoied|ddy g ajgeL



Zhan et al. Journal of Nanobiotechnology (2024) 22:9

DXM
Methylprednisolone
G

i

Drugs

( )Nanoparticles

—

Nucleic acids

Serum protein ~ Micelles
PCL-PCL Polycarbonate
Dendrimer Antibody
Chitosan Liposomes

Natural compounds

Activated receptor

Page 7 of 23

. Drugs

matrix W Nucleic acids

b ( ) Nanoparticles

& Mesangial cells

_________ h @ Endothelial cells

Fig. 3 Treatment of primary GN with nanomaterials. In the treatment of primary GN, a nanodrug delivery system can deliver various drugs
and nucleic acids to mesangial cells, endothelial cells and the mesangium. Nanoparticles can also play a therapeutic role by blocking ion channels.
GN glomerulonephritis, PCL-PCL polyethylene, glycol-polycaprolactone, DXM dexamethasone, EGCG epigallocatechi gallate, TW tripterygium

wilfordii; EPO erythropoietin

(PF with amino acid sequence A,q9 5¢5) can be targeted to
the kidney for therapeutic effects, and its cytotoxicity is
significantly lower than that of the free drug [41]. Simi-
larly, 3,5-dipentadecyloxybenzamidine hydrochloride-
modified liposomes specifically target mesangial cells in
the glomerulus. When TP was sealed into liposomes to
form drug-loaded nanoliposomes for therapeutic use, it
was shown that the nanoliposomes could reverse inflam-
mation in rodent models of nephropathy [42]. Long-term
use of sirolimus as a commonly used immunosuppres-
sive drug may lead to severe proteinuria. The lipid-based
nanocarrier system can deliver sirolimus to podocytes in
a targeted manner, reduce the dosage of application, and
thus reduce the risk of serious side effects [43].
Glucocorticoids, which have anti-inflammatory
effects, are currently the most commonly used drugs for
the treatment of GN. However, the application of glu-
cocorticoids can cause adverse effects on many organ
systems, such as osteoporosis, femoral necrosis, hyper-
glycemia, hypertension, increased risk of infection,
Cushing’s syndrome, and gastrointestinal bleeding [44].
Compared with traditional drug delivery modes, nano-
materials as transport carriers for targeted therapy have
great superiority. For example, polymeric nanomicelles

have the advantages of high structural stability, massive
loading of hydrophobic drugs, more effective targeted
transport ability and stimulation sensitivity [45]. In one
study, pH-sensitive nanomicelles loaded with drugs
were evaluated for the treatment of GN. By attaching
dexamethasone (DXM) to hyaluronic acid (HA) and
then covering the surface with natural macrophage
membranes (MM), biomimetic nanomicelles (MM/HA-
DXM) were formed. For the active homing action of
macrophages to the inflammation site, MM/HA-DXM
can be targeted for transport to the inflammation site
of glomeruli. In the weakly acidic GN microenviron-
ment, HA and DXM can be targeted for release. DXM
has an inhibitory effect on mesangial cell prolifera-
tion, HA can remodel the phenotype of macrophages
from the proinflammatory M1 phenotype to the anti-
inflammatory M2 phenotype, and both have synergistic
anti-inflammatory effects. As demonstrated by in vivo
experiments, MM/HA-DXM treatment significantly
increased albumin and TP levels in the treated group,
while blood urea nitrogen (BUN), creatinine, choles-
terol and triglyceride levels were significantly reduced,
and proteinuria levels decreased up to 2.33-fold com-
pared to the control group [46].
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In another study, Li et al. [47] designed glomerulus
mesangium-targeted  poly(ethylene glycol)-poly(D,L-
lactic-co-glycolic acid) NPs loaded with DXM acetate for
the treatment of mesangial proliferative GN. The drug
delivery system was able to effectively target the drug into
the glomerular mesangium membrane, and NPs with a
size of 90 nm had maximum accumulation in the renal
mesangium membrane. Similarly, the efficacy of meth-
ylprednisolone bovine serum albumin NPs in the treat-
ment of mesangial proliferative GN was evaluated. After
nanoparticle treatment, rats with cationic bovine serum
albumin-induced mesangial proliferative GN showed a
significant reduction in 24-h urinary protein volume and
serum creatinine, demonstrating the therapeutic effect of
this drug system on mesangial proliferative GN [48].

Chronic GN is the end stage of the development of dif-
ferent types of GN, and renal fibrosis inevitably occurs
[49]. The use of glucocorticoids does not have an anti-
fibrotic effect, which is detrimental to the prognosis of
GN. Therefore, it makes sense to simultaneously perform
anti-inflammatory and antifibrotic modulation. ACEis/
ARBs are also commonly used in renal diseases due to
their anti-inflammatory [50] and antifibrotic functions
[51]. Zhou et al. [52] constructed a DXM and captopril
(CAP)-loaded PLGA-IL delivery system. The results of
in vivo anti-inflammatory/anti-fibrotic treatment showed
that all types of cell infiltration and proliferation were
effectively controlled in PAS-stained sections in the
experimental group, and the expression levels of TNF-
a, IL-6, IL-B1, TGF-B, a-SMA and Fn were reduced. In
addition, an 1-Ser-modified polyamidoamine dendrimer
as a targeted drug carrier could successfully transport
CAP to the kidney [53]. Hydrophobically modified glycol
chitosan (HGC) nanomicelle-delivered olmesartan to the
kidney attenuated renal fibrosis in Col4a3-/- mice and
did not alter their blood pressure [54].

Therapeutic effect of RNA-loaded NPs on primary GN
RNA interference is a process that can efficiently and spe-
cifically silence the expression of almost any gene, includ-
ing endogenous microRNAs (miRNAs) and synthetic
short interfering RNAs (siRNAs). By mediating targeted
mRNA degradation or mRNA translation inhibition, the
expression of target genes can be knocked down in a
sequence-specific manner. siRNA is more advantageous
than miRNA in triggering specific gene silencing [55, 56].
siRNA molecules must be delivered to the interior of the
target cell to activate the RNA interference pathway, so
vectors or chemical modifications are required to enter
the interior of the target cell [57].

Zuckerman et al. [58] verified that intravenous injection
of polycationic cyclodextrin NPs containing siRNA rap-
idly accumulated in the glomerular basement membrane.
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Several studies have shown that chitosan acts as a siRNA
delivery system to target siRNA molecules of PDGEF-
B and PDGER-P to the kidney. The results showed that
silencing the PDGEF-B signaling pathway could inhibit
the proliferation of mesangial cells and has promise for
the treatment of mesangial proliferative GN [59, 60]. In
addition, liposome NPs loaded with p38a MAPK and p65
siRNA successfully alleviated proteinuria, inflammation
and excessive extracellular matrix deposition in a mouse
IgAN model [61]. Targeted application of this nanolipo-
some in a rat model of nephritis inhibited glomerular
TGE-p gene expression, thereby specifically suppressing
glomerulosclerosis [62]. In another study, similarly, NPs
loaded with DXM and TGEP1 siRNA effectively reduced
the expression levels of cytokines such as TNF-a and
TGF-B1, mediating the dual regulation of inflammation
and fibrosis [63].

Therapeutic effect of NPs containing other substances

on primary GN

Natural compounds often have poor oral availability
issues. Nanomodels that can selectively release or target
drugs are an effective way to improve drug utilization.
Many studies are exploring the treatment of GN, such as
administering fucoidan NPs at a dose of 300 mg/kg body
weight, which can significantly reduce urea, creatinine,
MDA, IL-6, and TNF-« levels, thereby improving the
necrosis of renal cells [64]. In a rat model of nephrotic
syndrome, epigallocatechin-3-gallate (EGCG) NPs
reduced the amount of urine protein. The bioavailability
of EGCG NPs was more than 2.4 times higher than that
of the EGCG powder group [65].

Erythropoietin (EPO), which is produced by capillary-
lined cells around the renal tubules, can modulate the
production of red blood cells and is considered a drug
that can treat kidney diseases [66]. Zhang et al. [67]
established a rat model of IgAN and verified the thera-
peutic effect of EPO-loaded chitosan-triphosphate NPs
for IgAN, with a significant reduction in urea and creati-
nine levels.

NPs blocking ion channel gating

Ion channels are ideal therapeutic targets, but highly
specific targeted drugs are needed. P2X7 is a trimer ion
channel gated by extracellular ATP that plays a role in
the release of inflammatory molecules, cell prolifera-
tion and death, metabolic events and phagocytosis [68].
The activated P2X7 receptor can open pores and allow
the passage of organic ions [69]. In one study, the anti-
inflammatory effect of nanoantibodies targeting mouse
P2X7 was evaluated. The results showed that injection
of these nanoantibodies into mice could block (nanoan-
tibody 13A7) or enhance (nanoantibody 14D5) gating of
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channels, prevent inflammation caused by ATP binding
to P2X7 released by injured and dying cells, and improve
the clinical parameters of GN. At the same time, the
nanoantibody Danol was 7 times more effective in inhib-
iting the release of cellular inflammatory messengers in
the human body than small molecule P1X2 antagonists
[70].

Application of nanomaterials in the treatment of DN

In DN, hyperglycemia and oxidative stress are two related
processes and the focus of research, and many studies are
based on these two points. The forms in which NPs play
a role in DN include the therapeutic effects of nanomate-
rials themselves, the combination of nanomaterials with
drugs, and nanodrug delivery systems (Table 3) (Fig. 4).

Therapeutic effect of a single nanomaterial on DN

Many studies are based on hyperglycemia and oxida-
tive stress in DN. Selenium (Se) is an essential trace ele-
ment for maintaining the basic physiological health of
the human body, with functions such as redox regula-
tion, immune response regulation, and control of inflam-
matory reactions [71, 72]. At the same time, the dosage
and form of Se, as well as the lack and excessive intake,
can have an impact on human health [73, 74]. Compared
with Se and its compounds, SeNPs have smaller volumes,
higher bioavailability, lower toxicity, and targeting prop-
erties [75, 76]. The results of a previous study showed
that SeNPs effectively reduced the levels of BUN, creati-
nine, albumin, fibronectin, and collagen in DN. DN can
be prevented by inhibiting oxidative stress and activating
the cell protective protein HSP70 and longevity protein
SIRT1 [75]. Similarly, SeNPs can play a renoprotective
role in streptozotocin (STZ)-induced diabetes rodent
models during pregnancy [77].

ZnONPs are the most common metal oxide nanoma-
terials, with unique advantages such as improving bio-
availability and crossing biological barriers [78, 79]. At
present, the medical field has studied the anti-inflam-
matory, antioxidant stress, antibacterial, and antitumor
effects of ZnONPs [80, 81]. In some studies explor-
ing the treatment of STZ-induced DN in rat models
with ZnONPs, it has been demonstrated that ZnONPs
can improve renal function by reducing the profibrotic
cytokine TGF-B1, increasing the expression of MMP-9
and preventing renal fibrosis [81]. ZnONPs can also pre-
vent inflammation by weakening the activation of the
NLRP3 inflammasome, inhibiting TXNIP gene expres-
sion, and upregulating Nrf2 to suppress oxidative stress
[82].

Some studies have shown that precious metal NPs
such as AuNPs and AgNPs have anti-inflammatory and
antioxidant activities [83, 84]. Among them, AgNPs
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have unique antibacterial, anticancer, and antiangio-
genic properties and are widely used in multiple fields
[84]. When inflammation was induced in pregnant mice
exposed to AgNPs with STZ, their fetuses exhibited the
ability to resist inflammation and kidney damage that
persisted until adulthood. After DN was induced in these
offspring by STZ, histopathological analysis showed that
the damage to renal tubules and glomeruli was signifi-
cantly reduced compared with that in the control group.
This demonstrated the renoprotective effect of AgNPs
[85]. AuNPs have been proven to have hypoglycemic
effects in STZ-induced diabetes animal models [86]. Alo-
mari et al. [87] confirmed that the use of AuNPs alone
could improve podocyte damage and significantly reduce
blood sugar and urine protein levels.

Metal organic frameworks have been widely used in
various fields, including in the medical field [88]. A study
demonstrated that metal organic frameworks effectively
reduced the HOMA-IR index, BUN, uric acid and malon-
dialdehyde in plasma samples of experimental DN [89].
At present, research has proven that BCcl, a nanochelate
with iron chelating properties, has antitumor effects [90].
Fakharzadeh et al. [91] studied the therapeutic effect in
an animal model of DN. The results indicated that the
material effectively reduced urinary protein and the albu-
min/creatinine ratio and alleviated pathological changes
in the glomerulus. The above findings suggest that NPs
with anti-inflammatory and antioxidant stress properties
can improve the renal injury caused by DN and have the
potential for renal protection.

NPs combined with other drugs in the treatment of DN

Reducing blood sugar and blood pressure is an impor-
tant link in the treatment of DN. However, there is also
evidence that anti-inflammatory treatment has an effect
on DN. Curcumin, as a natural compound, has been
proven to have anti-inflammatory effects. Curcumin
and its preparations can delay the progression of DN
[92]. However, curcumin has low oral availability and is
widely metabolized throughout the body, which makes
it difficult to completely treat DN. Ganugula et al. [93]
used nanocurcumin in combination with long-acting
insulin to treat STZ-induced DN in a rodent model.
The results showed that although there was no sig-
nificant synergistic effect between nanocurcumin and
insulin, the efficacy of the combination of nanocur-
cumin and insulin was superior to that of curcumin
and insulin alone. SeNPs have been confirmed by many
reports to have hypoglycemic effects on rodent models
of diabetes. Scholars are not satisfied with only explor-
ing the efficacy of using SeNPs alone, and more stud-
ies are focused on the combined application of SeNPs.
Metformin is also a first-line drug for the treatment of



Page 10 of 23

(2024) 22:9

Zhan et al. Journal of Nanobiotechnology

S9NSS|) [eUJ Ul Uosodap pidi aroiduwl
‘abewep woly eupuoydo}W 133104d 'SOY Jo
uondNPoId SAISSIIX3 1GIYUl 'UOIRdUNY [BUSM
anoidwll ‘sjpAg) pidi pue 950on|6 poojq [01U0D)
apAyap

-[eIPUOJEW PUE UIWNG|. [B10) ‘DSeUab0IpAYSp

WINI[2Y10pUa JejnIawioln

uidolpy

(]9D@pY) s9|nsded
-oueU aAIsuodsal (SOY) sa12ads USBAXO aAl1Deal

sa|nsdedoueN

[oo1] 91B10B| ‘BN ‘BUIUIIEID WNISS Ul 358103 31e|Asay uellesoids 1e|As93 uepesoida yum papeo| Jake|iqouen 19Ae|IqoueN
swoidwiAs N an91j21 ‘Aau
[86]  -PP{ @Y3 Ul SBNIp JO UOIeINWNDD. Jey) 3sealdu| Asupry UlwIos UIWIOABIA UM papeo| NSINH NSWH
NQ 1sulebe 159a aAlDa10idoul ‘ealn pue
[£6] 3uluneaI> WNISS ‘9502N|6 poo|q bunse) onpay Aaupy| paulquiod) SINIS YHM Pauiquiod uiny E
NQ Jo suonedijdwod
[96]  2nagelp wisl-buo| 3y 1sulebe 9|01 9A11D10Id Asupry UWOUSA 93¢ paulquiod SINSS UM PauIgqUIOD WOUA 999 ES
109J9 aAI0101d 9ARY
‘sabueyd |yerUSPJIS pUP
[s6] |ed1b0joy1edolsiy pue uonouny jeusl srosdul| Asupry |JeUSP|IS PaUIGUIOD) S9|o1edourU WINIUSISS JO UOIIRUIQUIOD) ElS
siselsoulay (SAN®S YD)
[¥6] 9500N|H 2101521 PUE $52415 AIIBPIXO UGIYU| Aaupry UILWIOADW PauIquIod) S3[2114POUR WINJUS[3SUBSOULD PUB UILLIOAIIN 3G/UesoNYD
NQ 4o ssaiboud Aejap pue Ainfur jeuss Jo SNI YHm
[€6] sabueyp [e2160]01SIY SY3 AB|p JO 35I9AY A2Uply  SNI PauUIqUIOD/UlWNIND PaUIGUIOD (YNDU) UlwndinD) 3paitedouep S32IN0sal [einieN
9dURJEID BUIU
-382J2 Paseasdul ‘usawipads auun Ul aueysold (120g)sasadoid bul
[L6]  -OSI-g pue SpAYSp[eIPUO[RW ‘UILING|E 9INPaY sa|ngn3 pue ‘a18o0pod ‘Ngo -1B]2Yd UOJI YIM SupIpawiouru bupe|sydoueN IEI]
so|dwies
ewse|d Ul apAyap|eIpuOlew pue pIde dun
[68] ‘uabouniu eain Poo|q ‘Xapul YI-YIWOH 2npay winjwoiyd BuluIeIuOD }lomauel) d1uebio (eI Sylomawely dluebio ey
SIDIBUI SS1IS DAIRPIXO [PUSI pUR
Yapim ss3201d 1004 ‘SSaUNDIY] SUBIqUUSW
JUSWISSE] JejNISWO|H ‘D184 UONBIOXS Ulwng|e
[£8]  Aleuun Y-z 9dnpal ‘elwadA|bIadAy a1enuany 91400pod pue NgD SNNY ny
L
~dDW PUB O] « VLTI + 9-Nd| + ~dNLJO S[2A9)
[s8] wnJas 9yl 9dNpail ‘uoide A1o1ewlwejul-inuy SdNDY by
ulwinge
[c8]  Aseuun pue NNg ‘@UiuUIeald ‘pide dun aAcidw| Aaupry SdNOUZ uz
Ainfur a1400pod jo
1uaWwdojaAsp ayi Aejap pue ‘sissuabolbue
|EUIIOUQE PUB UO[IBUILIBUI ‘SS211S DAIIBPIXO ‘SIS
[L8]  -oiqy [eual UgIyul ‘A3jeuonouny [eual arcidu| 21400p0d SdNOUZ uz
9500n|b pue
[£/] VAW ‘duiuneasd ‘eain ‘uolieulin Jo a1l adNpay Aaupry SANSS EN
19y 51293 onnadesay 1961e) aduelsqns papeo sapiled leua1epy

Ayredosydau saragelp ul SjelsslewoueU Jo Adedyjs pue uonedlddy € ajqelL



Page 11 of 23

(2024) 22:9

Zhan et al. Journal of Nanobiotechnology

pIoe djoulal suell-||e YLy ‘DuiwiauajAyek|od
-auo}oejoidedk|od 134-1Dd |02K16 sus|fyiakjod D34 ‘Buoseyiawexaq Wxd ‘@Hsodwod oueu snosodoswMO|oH NSWH ‘Ulnsul Buiide-buo| S ‘Ueiquiaw Juswaseq Jejniawo|b ygo ‘uisyl Hy ‘sadiiedoueu sqn

Aoeouys

|01

8Ll onnadelayy pue Alljige|ieAeolq [e1o anoidul| Aaupry |042150613 50643 yum papeoj sialied pidi| pPain1oNsoueN  SaW0sod(/s32IN0sai [einle
109443 dA1}
[911] -d>310.4d [PUSI AARY PUR ‘UONDUNY [BURJ SA0IdW| Aaupry aUIUBWOUIS S9WOSOd||OUBU PRPEO| UIUSWOUIS  S3WOSOd|/5321N0Sai [eInleN
sanssi [euas Ul sajyold pidi| pue suon
[Z11] -duny [eual ‘ollel A3Upiy/aybiam Apog aonpay 21420p0d ulewA|iS Sawosodijoueu papeo| ULBWA|IS  saUW0sod|]/5921n0saJ [einieN|
Ayredoiydau dnagelp
St an01dw] ‘elIpuUOYD01W JO UONDUNY 310159y eLIPUOYD0IW [|90 ASUpIY u1so0dAjeD sawosodijourU Papeo| UISOJA|e)  saulosod|]/s221n0sal [einieN
aunsaul
|lews a3 ui sis3lodsues) poe (SdNQ)
Lt A)|Ige|ieAeolq |e1O 9dueyuy 9|1g 1uspuadap wnipos |esidy HY sa|o1edouru palebn(uod pioe d1joydAxosQ sojueblo
ISEWET)
[€11] sa1£00pod pabewep Jieday 91400p0d Wxa Bnup 1oy SIa1Ied0URU JISWA|O |[ewsS BN S92IN0S3I |eINRU/DId
$$911S SANPPIXO JO AlISUSIUI 9Y) pue
uta10id auln ‘NNg ‘dulunealid ‘'Hg4 Jo s|9 (SdN-HY-ddd)sa|p1edoueu aujwiueyiy 0d
[e11] -A3| 91 9582109p ‘AIaAl|9p Bnup pa1abie| 1|nJIWOIB pue H Hy auoloejoided 03 [034|6 suajAyiaA|od papeo| HY $92IN0S3I |einieu/H3d
31el duUe
-1B3D BUIUIIB3ID 343} puUB duluieaId Aleudn ay}
anoidul] ‘xapul ASUpIy PUB SUIUIIeID WNISS (4ddTp)21n12oN435 [|2YS 3|0k
oL ‘usboniu eain Jo siaeweled ay) adNpay Aaupry| HY 669 yum sapniedoueu pidi| Hy palabiel [euay 134-1Dd
(ddD¥)
sa|o1edouru
SUIWIUSJAYISA|0d Suoide|oldedA|od paieod
[601] ASuppy ul uopeNUNde sbnig IjnIswolb pue HN HY pIoe DIWeIN|D -A HY YlIM papeo| 1aWA|od $92IN0sal [einieu/[3d-10d
uonewweyui pue ejuapidijsAp a1el
[901] -Oljowe ‘uonelayijoid |9 [eibuesaw ssaiddng JW  1siuobe J01dadal X JSAI (OL/1QHS-LY)MsIpoueN O1/1dHS paiebie] | ul2104d
LY T PUB YdIAY 21BA3JR 4DIA puUe s3jpniedoueu
[SOL] ueu pugAy pidij 4N 'eain ‘dulueaid Jo anpay Aaupny vily  pugAy pidij pioe suoydsoydi] /UBSOuL 1Y UesouYyD
sa1£00pod 01
#01] VNYIW SNousboxe Jo A1aniiap parebie] 91400p0d VNYODIN 2usodwodouep JawA|od pa1en)-yNYODIN S|elJa1ewoueu a)sodwod)
XA YHm
[eol] sa1400pod pabewep Jieday 91400p0d NXa papeo sapiiedouen JswA|od bullaauibuy JawAjod bulsaulbug
1ake| pidi| pay
ujung|e a1eA3)e ‘usbel -Ipow (d1)) apndad bupabiel Asuply pue 2100
[s/] -|0> pue undaUoIgY ‘BuluneaId ‘NNg 92Npay IjnIswiolb pue DN uRyy (I3d-1Dd) 2uIwiua|Ay194|0d suoide|oidedk|od 3d-1Dd
19y s129)3 onnadesay | 19b1e] axuelsgns papeo sapied |eudiepy

(Panunuod) € 3jqey



Zhan et al. Journal of Nanobiotechnology (2024) 22:9

Metals and oxides,
Non-metallic elements,
Natural resources,
Liposomes, Organics,

Nanoparticles
—>
PCL-PEI, Protein, Chitosan,
Nanobilayer, Nanocapsules

*e - |=——4
Drugs =

Curcumin, Eprosartan,
Mesylate, Adropin,
Rhein, DXM, RH,
Calycosin, Silymarin,
Sinomenine, Ergosterol

INS,Y A A -
metformin, AAA CEN R : S
Sildena, [ Drugs .
Bee venom

Page 12 of 23

Glomerulus

Vasculature

Drugs

Nanoparticles

- Podocytes

Mesangial cells

Fig. 4 Treatment of DN with nanomaterials. In the treatment of DN, the therapeutic forms of nanoparticles include the therapeutic effect
of nanoparticles themselves, the combination of nanoparticles and drugs, and the nanodrug delivery system, which can target podocytes,
mesangial cells and mesangium. DN diabetic nephropathy, PCL-PEI polycaprolactone-polyethyleneimine, RH rhein; DXM dexamethasone

diabetes. One study proved that the combination of
metformin and chitosan SeNPs for 8 weeks was more
effective than metformin or chitosan SeNPs alone,
which decreased the expression levels of the proinflam-
matory cytokines TNF-«, IL-6 and IL-1B and restored
antioxidant capacity [94]. Sildenafil is widely used to
treat angina pectoris and erectile dysfunction and is
also used for the experimental treatment of cancer and
oxidative stress in mice. In one study, SeNPs in combi-
nation with sildenafil were evaluated in the treatment
of DN in rats, which reduced oxidative stress and inhib-
ited the expression levels of HMGB1, TNF-a, MCP1,
NF-xB and IL1P [95]. Bee venom (BV) has also been
reported to have hypoglycemic effects. BV combined
with SeNPs can reduce blood glucose, serum BUN,
creatinine and C-reactive protein in STZ-induced DN
rats and increase serum albumin concentrations [96].
In addition, the combination of rutin and SeNPs can
upregulate Nrf-2/HO-1 and downregulate the JAK-2/
STAT3 pathway, thereby controlling oxidative damage,
inhibiting the increase in IL-6 and TNF-a, and playing
a role in renal protection in STZ-induced DN [97]. In
short, the combined application of nanotechnology and
drug therapy is superior to single therapy, which can
not only reduce the blood sugar of a rodent model of

DN more effectively but also delay the progression of
DN.

Therapeutic effect of nanodrug carriers on DN

Cerium, as a rare earth element, has a unique antioxi-
dant effect and can scavenge excessive free radicals under
physiological conditions, thereby inhibiting oxidative
stress. Cerium oxide, also known as ceria particles, has
the ability to clear reactive oxygen species (ROS). Hol-
low mesoporous nanocomposite particles perfectly retain
the antioxidant capacity of ceria particles and have a high
drug loading rate because of their surface area, pore vol-
ume, large porosity and stability in solvents. This nano-
composite with an oxidative stress targeting function
loaded with metformin has hypoglycemic and antioxi-
dant effects, which can prevent the pathogenesis of ROS-
related DN [98]. Angiotensin II receptor antagonists
have been proven to delay the progression of renal dis-
ease in diabetes patients, possibly because hyperglycemia
increases angiotensin II production and oxidative stress,
which can lead to diabetic complications, including DN
[99]. In one study, the therapeutic potential of eprosar-
tan mesylate-loaded nanobilosomes for treating DN was
evaluated. This nanocarrier can reduce oxidative stress
and alleviate AT1R, inducible NO synthase (NOS), and
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TGE-P expression to achieve the goal of renal protection
in DN [100]. In addition, adropin encapsulated in ROS-
responsive nanocapsules may improve renal injury in DN
by controlling blood glucose and lipid levels, inhibiting
excessive production of ROS and protecting mitochon-
dria [101].

The main function of podocytes as glomerular cells is
glomerular filtration. Proteinuria caused by podocyte
injury is an important feature of DN. Many studies have
focused on targeted drug delivery to podocytes [87, 102,
103]. Some studies have shown that NPs loaded with
DXM can be used for the treatment of primary GN [46,
47, 52]. Similarly, DXM-loaded NPs have been proven
to be able to repair podocytes and thus can be used in
DN treatment [104]. Chitosan has a hydrophilic adhe-
sive structure and can be loaded with hydrophobic drugs.
Loaded all-trans retinoic acid (ATRA) chitosan/triphos-
phoric acid lipid hybrid NPs have a higher oral absorp-
tion rate and better therapeutic effect than ATRA [105].
MiRNA-30a is responsible for podocyte homeostasis.
Under DN conditions, miRNA-30a inhibition by the
hyperglycemia-induced Notch signaling pathway can lead
to podocyte injury and apoptosis. Nanocomplexes target
exogenous miRNA-30a to podocytes, which can improve
albuminuria and podocyte damage [104]. In DN, dyslipi-
demia may lead to lipoprotein imbalance and mesangial
hyperexpansion. He et al. [106] developed a dual targeted
treatment for abnormal cholesterol metabolism and the
mesangial inflammatory response. Encapsulating liver X
receptor agonists in synthetic high-density lipoprotein
nanodiscs can effectively remove excess lipids in mesan-
gial cells, improve inflammation, and restore normal kid-
ney function in DN treatment. In summary, nanocarriers
can accurately transport drugs and improve bioavailabil-
ity so that drugs can have a better therapeutic effect.

Therapeutic effect of NPs loaded with natural compounds

on DN

Natural compounds extracted from plants are widely
used to treat various diseases. The active ingredients
extracted from plants have better safety and fewer side
effects [107].

Rhein, the main active ingredient of rhubarb, is an
anthraquinone derivative. Rhein has superior character-
istics, such as anti-inflammatory, antibacterial, antican-
cer, antiviral, and antioxidant properties, but its poor
water solubility limits its clinical applicability [108].
Nanocarriers loaded with rhein can solve the problems
of low bioavailability, reduced distribution in the kid-
neys, and adverse reactions. NPs with polyethylene glycol
(PEL)-polycaprolactone (PCL) as the core can not only be
targeted and transported to the kidneys but also exhibit
good renal distribution. Rhein-loaded poly-y-glutamic

Page 13 of 23

acid-coated polymeric NPs [109] and kidney-targeted
rhein-loaded NPs with sizes in the range of 30-80 nm
for DN can be distributed to the kidneys and enhance
renal cellular uptake through the glomerular filtration
membrane [110]. Similarly, polyethylenimine (PEI) is
a widely used carrier that has proton aminable groups
and, to some extent, shows the kidney distribution of
gene transmission [111]. Polymer NPs synthesized by PEI
and PEL-PCL and loaded with rhein can be effectively
absorbed by cells and have therapeutic effects [112]. In
addition, stable ultrasmall colloidal nanomaterials with
PEL (5-30 nm) can penetrate the GFB and release DXM
[113]. In another study, the expression of apical sodium-
dependent bile acid transporters mediated the absorption
of nutrients, and polymers modified with deoxycholic
acid exhibited lower cytotoxicity and higher permeability.
The synthesized deoxycholic acid-conjugated NPs have
relatively high embedding efficiency (90.7+0.73) % and
drug loading efficiency (6.5 +0.29) %. In vivo experiments
demonstrate a significant improvement in oral bioavail-
ability [114].

Nanoliposomes are colloidal structures composed of
double-layer membranes that can be used to encapsu-
late drugs that are not easily soluble in water. Calycosin is
widely used to relieve hypertension, inflammation, diabe-
tes and cancer. The calycosin-loaded nanoliposomes have
a stable structure and fully utilize their abilities to restore
mitochondrial function [115]. The studies of Zhu et al.
[116] and Yang et al. [117] have both demonstrated that
the liposome delivery system of anti-inflammatory plant
extracts (sinomenine/silymarin) can regulate the JAK2/
STAT3/SOCS1 and TGF-B/Smad signaling pathways and
inhibit inflammation-related proteins, thereby improving
renal injury. Similarly, ergosterol-loaded nanostructured
lipid carriers have a relative oral bioavailability that is
277.56% higher than that of ergosterol, which more effec-
tively inhibits high glucose-stimulated mesangial cell pro-
liferation and extracellular matrix accumulation [118]. In
brief, natural compounds can act on different targets of
inflammation and pathological damage. Compared with
pure natural compounds, natural compound nanodrugs
have the advantages of targeting to the kidney and good
kidney distribution, which significantly improves the
ability to fight DN.

The role of nanomaterials in the treatment of LN

Systemic lupus erythematosus (SLE) is an autoimmune
disease that involves multiple systems. There is an enor-
mous difference between the clinical signs of the disease
and the performance of hematology examination, and
there is no standardized method to define the response to
treatment [119]. LN is one of the most serious complica-
tions of SLE. The treatment of LN usually uses hormonal
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Table 4 Application and efficacy of nanomaterials in lupus nephritis
Material Particles Loaded substance Therapeutic Effects Ref
Biomembrane IFN-embrane Effectsicacy of nanomaterials in effi-  DXM Improve current SLE treatment efficacy, minimizie  [124]
cacyectid profiles in renal tissuesati systemic side effects
PEG Polyethylene glycol-based macromolecular prod-  DXM prodrug Local anti-inflammatory/immunosuppressive [125]
rug (£5J-0228) effects and improve safety
HPMA Z5J-0228 and P-Dex9 (N-(2-hydroxypropyl) meth-  DXM prodrug Reduce proteinuria [126]
acrylamide copolymer-based dexamethasone
prodrug(P-Dex)
Organics Biodegradable ligand-conjugated CsA Increase targeted drug delivery and improve [130]
nanoparticles(P71Ns-gambogic acid) bioavailability
Chitosan/Micelles  Ethylene Glycol Chitosan Nanomicelles Loaded TAC Reduce renal inflammationrenal dysfunction, [132]
with Tacrolimus proteinuria and histological injury
Liposomes Nanostructured lipid carrier loaded with Trip- TWHF Reduce the collagen content of the renal intersti-  [133]
terygium wilfordii tial cells and remove MCP-1 deposited
Nanoemulsions  Nanoparticle containing ImM ImM Reduce potential for toxicities, enhance drugs [135]
accumulation in kidney
PT Npolydopamine (PDA)-based nanocarrier PDA Reduce inflammation, potential for photoacous-  [138]
modified with Fe;O, and Pt nanoparticles (PDA@ tic/magnetic resonance dual-mode imaging
Pt-Fe;0,)
Natural resources  Nanoparticles loaded with Realgar Realgar Reduce anti-dsDNA, IgG, IgM, BUN, Cr, IFN-inand [139]
proteinuria
DNA INH-ODN-DNA nanoflower INH-ODN DNA Decrease autoantibodies, reduce cytokine secre-  [140]
tion
PCL Polyethylene glycol cationic liposome related pDNA and siRNA Nucleic acids may exacerbate the symptoms [141]

pDNA and siRNA

in SLE patients who have preexisting anti-nuclear
antibodies

CsA cyclosporine A, TAC Tacrolimus, PDA Polydopamine, PEG polyethylene glycol, ImM Imatinib mesylate, HPMA P-Dex9 (N-(2-hydroxypropyl) methacrylamide, TWHF

Tripterygium wilfordii, PCL polyethylene glycol cationic liposome

and immunosuppressive therapy, but the effect is not
satisfactory and remains an important cause of death in
SLE patients [120]. Nanodrug delivery systems can target
various drugs to the kidneys (Table 4) (Fig. 5).

The therapeutic effect of nanocarriers loaded with DXM

and DXM prodrugs on LN

Prodrugs are inactive compounds in vitro that undergo
catalysis or activation in the body before exerting phar-
macological effects. They have the abilities to improve
pharmacokinetic properties, improve solubility, reduce
drug toxicity, and increase the specificity of the site of
action [121, 122]. Glucocorticoids are widely used in the
clinical management of LN. However, the side effects of
long-term use seriously affect its efficacy. Recent stud-
ies have shown that prodrug administration in the form
of NPs has gradually become a research direction worth
exploring [123]. In a study, cancer cell membrane-coated
NPs were used to alleviate autoimmune diseases by har-
nessing the immunosuppressive effects of tumor cells.
Researchers prepared IFN-y-treated MHC class I-defi-
cient cancer membrane-coated NPs containing DXM, a
functionally driven, disease-related CD4+ T-cell-targeted
drug delivery platform, which could reduce urine protein
and serum creatinine levels in LN mice [124]. In another

study, a PEL-based macromolecular prodrug (ZS]J-0228)
of DXM with the characteristic of self-assembly into
micelles in water was applied to female NZB/WF1 mice
prone to LN. The results showed that it not only has
sustained therapeutic effects but also has no significant
adverse reactions [125]. In addition, ZSJ-0228 and the
N-(2-hydroxypropyl) methacrylamide copolymer-based
DXM prodrug (P-Dex) can both improve LN symptoms
in lupus-susceptible NZB/WF1 mice and reduce gluco-
corticoid side effects. In the MRL/LPR mouse model of
LN, P-Dex or ZSJ-0228 was more effective in controlling
proteinuria and prolonging survival time than the equiva-
lent dose of Dex. However, adrenal atrophy was observed
in P-Dex-treated mice but not in ZSJ-0228-treated mice
[126]. In short, prodrug administration in the form of
NPs can reduce the side effects of glucocorticoids while
ensuring the therapeutic effect and even has a better
curative effect. It will be a promising method to treat LN.

Therapeutic effect of nanocarriers loaded

with immunosuppressive drugs on LNs

Ciclosporin A (CsA) is a fungal-derived cyclic peptide
and a common immunosuppressive drug. CsA can selec-
tively and reversibly inhibit the immune response medi-
ated by T cells by inhibiting the phosphatase activity
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DXM, CsA,
DXM prodrug,
TAC, TWHF,
ImM, PDA,
Realgar

Drugs

Biomembrane, PEG,
HPMA, Organics,
Chitosan, Liposomes,
Nanoemulsions, PT,
Natural resources, PCL

Nanoparticles

glomerular basement membrane
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Glomerulus

. Drugs

Podocytes

}/ Antibodies

( ) Nanoparticles

7)) Immune
complexes

Immune complexes

matrix

Fig. 5 Treatment of nanomaterials in LN. In the treatment of LN, a nanodrug delivery system can target the kidney and form an immune
complex. LN lupus nephritis; CsA cyclosporine A, TAC tacrolimus, PDA polydopamine, PEG polyethylene glycol, HPMA P-Dex9 (N-(2-hydroxypropyl)
methacrylamide, TWHF tripterygium wilfordii, ImM imatinib mesylate, PCL polyethylene glycol cationic liposome

of calcineurin [127] and weaken the Ca?"-dependent
response of leukocytes to proinflammatory stimuli
[128]. However, long-term use of CsA treatment may
have some side effects, such as newly developed hyper-
lipidemia, hypertension, and elevated blood creatinine
[129]. In one study, a drug delivery system targeting
the lymphatic system was designed, and biodegradable
ligand-conjugated NPs (P2Ns-gambogic acid (GA)) were
synthesized. P2Ns-GA-encapsulated CsAn increased
lymphatic drug delivery by 4 to 18 times compared with
ligand-free preparations and commercial CsA capsules,
respectively. Moreover, the dose of CsA administered was
significantly lower than the nephrotoxicity threshold, and
only a few treatment-induced renal abnormalities were
observed. P2Ns-GA have good transport performance
across the gastrointestinal barrier, which may improve
transport into the intestinal capillary network or intesti-
nal-related lymphatic tissue, thereby enhancing delivery
to the systemic lymphatic circulation and enhancing the
therapeutic effect [130]. Other calcium phosphate phos-
phatase inhibitors, such as tacrolimus, have also been
proven to alleviate nephrotoxicity [131]. Weekly use of
hydrophobically modified glycol chitosan loaded with
tacrolimus nanomicelles can alleviate renal inflamma-
tion, proteinuria and tissue damage in LN-positive mice

by regulating the TGF-p1/MAPK/NF-«B pathway. Com-
pared to traditional tacrolimus administration, it has the
advantages of smaller doses and longer dosing intervals
to exert renal protective effects [132]. In addition, the
nanostructured lipid carrier loaded with TW extract can
effectively reduce the collagen content of renal interstitial
cells and remove MCP-1 deposited in the kidney, thus
having a therapeutic effect on immune LN mice [133]. In
summary, the dosage of nanodrug therapy is smaller than
that of traditional drug therapy, which can reduce renal
toxicity.

The therapeutic effect of nanocarriers loaded with other
substances on LN

Imatinib, a common protein kinase inhibitor, has been
developed and approved for the treatment of malignant
tumors. Some studies have shown that imatinib also has
immunosuppressive and anti-inflammatory effects and
can be applied to autoimmune diseases, Alzheimer’s
disease, Parkinson’s disease and other diseases caused
by protein kinase activation mutations [134]. A recent
study evaluated the renal deposition status of NPs con-
taining imatinib mesylate in an LN mouse model. The
pharmacokinetics of nanoformulations showed changes
in pharmacokinetic parameters, indicating a decrease
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in toxicity potential to imatinib mesylate. Compared to
naked drugs, MRL/Mp]J-Faslrp mice receiving nanofor-
mulations had a threefold increase in renal deposition of
imatinib mesylate after 4 h [135]. Polydopamine (PDA) is
rich in phenolic groups, which can eliminate ROS pro-
duced in inflammatory reactions [136] and has a strong
absorption ability in the near-infrared region. There-
fore, it can be used as a photoacoustic imaging contrast
agent [137]. In a study, a PDA-based nanocarrier modi-
fied with Fe;O, and Pt NPs was developed and loaded
with necrostatin-1, which has dual imaging and thera-
peutic effects. Necrostatin-1, as an inhibitor of receptor
interacting protein 1 kinase, inhibits receptor interact-
ing protein 1 kinase activity and plays an anti-inflamma-
tory role. Pt NPs can catalyze H,O, to produce oxygen,
thereby counteracting the hypoxic microenvironment
of LNs. PDA and Fe;O, act as photographic develop-
ers for photoacoustic or magnetic resonance imaging
(MRI) [138]. In addition, realgar is widely used as a tra-
ditional Chinese medicine for various types of inflamma-
tion. Xu et al. [139] prepared NPs loaded with realgar to
study the impact on LN. Compared with MRL/lpr con-
trol mice, mice treated with realgar NPs showed a sig-
nificant decrease in the serum levels of anti-dsDNA, IgG,
IgM, BUN, creatinine, proteinuria, and the inflammatory
cytokine IFN-y.

Natural DNA is compressed into many spatial folds
with long skeletons, and DNA nanopolymers with repeti-
tive target sequences are called nanoflowers. Inhibitive
oligodeoxynucleotides have immunomodulatory effects
and are dual antagonists of TLR7 and TLR9. Among
them, IRS661 and IRS869 nanoflowers can lower the
autoantibody levels of mice, reduce the secretion of
cytokines, and alleviate LN [140]. In addition, intrave-
nous injection of PEL cationic liposome-related pDNA
or siRNA into SLE-susceptible mice forms immune com-
plexes with the previous antinuclear antibody, leading to
the occurrence of LN [141]. In summary, nanocarriers
not only have excellent targeting properties but also play
a role in imaging and auxiliary diagnosis. The applica-
tion of nanodrug delivery systems can increase the thera-
peutic efficiency of LN, which has promising application
prospects.

Potential treatment strategies for GN

Nanodrug delivery system of gas signaling molecules

Gas signaling molecules (GSM) are signaling molecules
that regulate physiological and pathological mechanisms,
including NO, CO, H,, and H,S [142]. For a long time,
people have defined these gases as harmful substances
due to their adverse effects on the human body. How-
ever, with the advancement of research, researchers have
found that the excellent signal transduction function of
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GSM can be widely applied in the human body, which
has changed people’s perception of GSM [143]. NO and
its endogenous producer NOS have been proposed as
targets of colorectal cancer carcinogenesis regulation,
and inducible NOS inhibitors have application value in
the targeted therapy of colorectal cancer [144]. H,S has
a role in neuroprotection and vascular smooth muscle
relaxation [145]. Carbon monoxide-releasing molecules
(CORM), as a prodrug producing carbon monoxide, can
release CO to play an anti-inflammatory and cytoprotec-
tive role [146]. GSM has the advantage of reducing sys-
temic side effects through local delivery, resulting in the
development of stimulus-responsive nanocarriers [143].

A certain concentration of H, can trigger death recep-
tors on the cell surface, inhibit survival signaling, and
downregulate antiapoptotic proteins. Second, H, can
selectively eliminate the most cytotoxic ROS by regu-
lating ROS. In addition, H, can inhibit ILs and TNFs,
thereby regulating inflammation [147, 148]. The byprod-
ucts of H, have almost no side effects and have high
safety in clinical applications. In addition, the ultrasmall
size of H, is very suitable for nanomaterial drug delivery
systems. Some studies have shown that only excessive
amounts of materials can produce therapeutic amounts
of H,. This may have limitations on in vivo application
and targeted release, but larger nanoscale materials can
be used to eliminate it and increase accumulation at the
targeted location [149].

The three gases H,S, NO, and CO have been proven
to have antioxidant, anti-inflammatory, anti-apoptotic,
and anti-proliferative properties [150]. H,S produced
by cystathionine P-synthase was proven to have anti-
inflammatory activity and energy formation [151]. Some
studies have shown that H,S has potential inhibitory
effects on inflammation and oxidative stress [152, 153].
The increase in H,S levels in the kidneys can protect
the kidneys after ischemia-reperfusion injury through
anti-inflammatory and antioxidant stress [152, 154]. NO
and H,S have many similarities, and H,S can increase
endothelial NOS activation and promote phosphoryla-
tion through intracellular Ca®>* mobilization [155]. Many
studies have shown that endogenous and exogenous
NO have antifibrotic mechanisms [156, 157]. Adding an
NO donor to cultured rat mesangial cells can inhibit the
expression of fibrotic genes at the transcriptional level
[158]. This has therapeutic potential for scars produced
in the end stage of glomerular inflammation.

In comparison to H,S and NO, CO is more stable [159].
In one study, researchers used styrene maleic acid copol-
ymer (SMA) to develop a CO nanodrug delivery system.
It forms micelles through self-assembly, which can slow
and continuously release CO in the cycle. Mice exposed
to CsA for 4 weeks experienced severe kidney damage
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and decreased renal function. The CO nanodrug delivery
system inhibits TGF through the NLRP3 inflammasome-
dependent B/Smad signaling pathway and significantly
improves inflammatory damage and fibrosis [160]. Simi-
larly, MnO, NPs loaded with Fla encapsulated in neu-
trophil membranes can target inflammation sites and
release CO to produce anti-inflammatory effects [161].
The above results indicate that nanodelivery systems
have good potential for delivering GSM in the treatment
of GN. GSM has become a promising molecular target
for the treatment of diseases because of its extensive bio-
logical effects. In kidney diseases, gasotransmitters can
regulate inflammation and improve inflammatory dam-
age and may have the ability to inhibit fibrosis.

Application of subminiature nanomaterials in GN

For NPs, one of the key parameters is size, and differ-
ent sizes of NPs will have different distributions in the
body [162, 163]. If only AuNPs smaller than 10 nm can
enter the nucleus, AuNPs larger than 10 nm will remain
outside the cell [164]. Ultrasmall AuNPs do not induce
ROS toxicity and have higher sensitivity and the ability
to be excreted quickly through the kidneys. Therefore,
ultrasmall AuNPs can be used in MRI, photoacous-
tic imaging, positron emission tomography, and X-ray
scattering imaging for imaging diagnosis [165]. In addi-
tion, the coupling of ultrasmall AuNPs with other drugs
can become a treatment platform with dual capabilities,
including drugs and targeting agents, which have higher
therapeutic effects than free drugs [165]. Inflammation
and oxidative stress have a close and complex relation-
ship, and many drugs with the potential to treat acute
and chronic inflammation have antioxidant stress effects
[166]. ROS in inflammatory reactions may promote local
damage, delay healing time, and lead to chronic inflam-
mation [167, 168]. In one study, the ability of ultrasmall
Cu; 4O NPs to clear ROS and alleviate inflammation was
evaluated. The results showed that ultrasmall Cu; ,O NPs
had the characteristics of catalase, superoxide dismutase
and glutathione peroxidase simulants. A very small
dose of ultrasmall Cu; ,O NPs can clear ROS, effectively
improving acute injury and promoting wound healing
[169]. Our previous studies confirmed that the micro-
miniature zirconium carbide nanodots used in glioma
therapy have excellent anti-inflammatory, ROS clearance
and renal clearance abilities [170, 171]. Cerium oxide
NPs (CeONPs) have strong antioxidant properties, but
formulations containing CeONPs cannot be effectively
removed from the body. Ultrasmall CeONPs retain their
antioxidant properties, effectively clearing ROS, inhibit-
ing macrophage activation, and minimizing their recruit-
ment and infiltration into inflammatory sites, thereby
alleviating acute inflammation. Ultrasmall CeONPs are
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effectively excreted from the body within 24 h after sys-
temic administration, greatly alleviating toxic side effects
[172]. In addition, ultrasmall solid lipid NPs with Dex
(SAN-Dex) reduced TNF-a, IL-774 and IL-1 levels in
lipopolysaccharide-stimulated J6A12 cells. Through oral
administration, SAN-Dex still retains its anti-inflamma-
tory activity, but ordinary solid lipid NPs with Dex lose
their anti-inflammatory capacity [173]. Based on the ultr-
asmall size of nanomaterials, they can effectively utilize
their original characteristics, such as the ability to clear
ROS, antioxidant stress and anti-inflammatory prop-
erties, and have advantages such as low toxicity, easy
excretion and targeted localization. It is hoped that more
effective drugs or materials can be targeted to the glo-
meruli for more precise treatment of GN.

Conclusions and future directions

The pathogenesis of GN is complex and has not been
thoroughly studied. The treatment of GN is mainly symp-
tomatic treatment, which can rarely cure the disease from
the root, mainly slowing down the disease progress and
maintaining the status quo. Immunotherapy is used for
specific lesions and is accompanied by severe side effects,
and steroid resistance and recurrence are also common.
When GN progresses to end-stage renal failure, renal
replacement therapy is needed. Dialysis treatment needs
to be carried out for a long time, which causes a great
economic burden to some patients’ families. Renal trans-
plant patients are also prone to recurrent GN, leading to
transplant failure.

Fortunately, with the widespread development and
application of nanodrug delivery systems, targeting NPs
to deliver drugs to the kidneys is an emerging and highly
promising treatment method. The use of nanomaterial-
loaded drugs can accurately target kidney cells, reduce
adverse drug reactions, and produce better therapeutic
effects. NPs for diagnosis and treatment are constantly
being developed, including NPs that integrate diagno-
sis and treatment at the same time for the purpose of
diagnosis, localization and treatment. At present, most
of the NPs used for GN are nanoloading platforms, and
there are also a few studies on the combination of NPs
and first-line drugs for diseases. At the same time, some
nanomaterials (mostly metal NPs) have been validated in
GN for their inherent anti-inflammatory or antioxidant
stress properties.

Except for DN, there are relatively few high-quality
studies and experiments on other types of GN, especially
primary GN. Meanwhile, any single treatment method
has limitations, and combination therapy and multifunc-
tional nanoplatforms can compensate for the shortcom-
ings of a single therapy and achieve better results. In
addition, for example, GSM and ultrasmall nanomaterials
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Current Status

» Nanomaterial-loaded drugs can be accurately
targeted to kidney cells

» Nanotechnology reduces drug adverse reactions in
animal models of GN

» Nanotechnology improves drug bioavailability in
animal models of GN

» Nanodrugs show anti-inflammatory or antioxidant
stress properties in animal models of GN

» Nanoparticles combine with drugs for GN treatment

Nanotechnology application in GN therapy

Future Prospects

> Exploring therapeutic effect of gas signaling molecules
in GN

» Developing ultrasmall nanomaterials with good anti-
inflammatory properties in GN therapy

> Exploring more effective nanodrugs

» Exploring multifunctional nanoplatform

» Promoting the clinical application in GN patients

Fig. 6 Current status and future prospects of nanotechnology in GN
therapy. GN glomerulonephritis

have the characteristics of wider distribution and faster
metabolism due to their small size. We believe that it is
possible to explore GSM nanodrug delivery systems and
ultrasmall nanomaterials in GN therapy. Current status
and future prospects on nanotechnology application in
GN therapy were summarized in Fig. 6.

Based on the contents discussed above, there is reason
to believe that future research on GN therapy should be
multifaceted and that more attention should be given
to the treatment of primary GN, with more attempts to
combine NPs with other treatment methods and develop
multifunctional nanoplatforms.

Abbreviations

GN Glomerulonephritis

FSG Focal segmental glomerulosclerosis
IgAN Immunoglobulin A nephropathy

DN Diabetic nephropathy

LN Lupus nephritis

ANCA Antineutrophil cytoplasmic antibody

anti-GBM  Anti-glomerular basement membrane antibody
ESRD End-stage renal disease

NPs Nanoparticles

GFB Glomerular filtration barrier

GBM Glomerular basement membrane

GFR Glomerular filtration rate

ACEis Angiotensin-converting enzyme inhibitors
ARBs Angiotensin Il receptor blockers

™ Tripterygium wilfordii

HAS Human serum albumin

PFs Peptide fragments

CcLT Celastrol
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TP Triptolide

PF-Ayg0555  PF with amino acid sequence A,gq 555
DXM Dexamethasone

HA Hyaluronic acid

MM Macrophage membranes

BUM Blood urea nitrogen

CAP Captopril

HGC Hydrophobically modified glycol chitosan
miRNAs MicroRNAs

SiIRNAs Short interfering RNAs

EGCG Epigallocatechin-3-gallate

EPO Erythropoietin

SeNPs Selenium nanoparticles

STZ Streptozotocin

ZnONPs Zinc oxide nanoparticles
AuNPs Aurum nanoparticles

AgNPs Argentum nanoparticles

BV Bee venom

ROS Reactive oxygen species

NOS Inducible nitric oxide synthase
ATRA All trans retinoic acid

PCL-PCL Polyethylene glycol-polycaprolactone
PEL Polyethylenimine

SLE Systemic lupus erythematosus
CsA Ciclosporin A

PDA Polydopamine

Fe;0, Ferrosoferric oxide

H,0, Hydrogen peroxide

MRI Magnetic resonance imaging
GSM Gas signaling molecules

NO Nitrogen monoxide

Cco Carbon monoxide

H, Hydrogen

H,S Hydrogen disulfide

SMA Styrene maleic acid copolymer
MnO, NPs  Dioxide manganese nanoparticles
CeONPs Cerium oxide: nanoparticles
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