
https://doi.org/10.1369/0022155419861092

Journal of Histochemistry & Cytochemistry 2019, Vol. 67(9) 633–641
© The Author(s) 2019
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1369/0022155419861092
journals.sagepub.com/home/jhc

Jo
ur

na
l o

f 
H

is
to

ch
em

is
tr

y 
&

 C
yt

oc
he

m
is

tr
y

Review

Introduction

Normal renal parenchyma is a structurally diverse tis-
sue including glomerular, tubulointerstitial, and vascu-
lar compartments. Scarring due to injury or aging can 
occur in all of these structures, separately or in con-
cert, manifested histopathologically as glomeruloscle-
rosis, interstitial fibrosis (IF), tubular atrophy (TA), and 
arteriosclerosis. Tubulointerstitial scarring (IF/TA) is a 
composite of IF and TA, and these features are for the 
most part synchronous. IF/TA is an important determi-
nant of irreversible progression in different types of 
injury affecting native and transplanted kidneys. 
Technical advances and new assays are coming to the 
fore at a rapid pace, augmenting and improving the 
accuracy of tissue-based diagnosis, with the added 
promise of finding new non-invasive “biomarkers” for 
detecting and staging kidney disease.

A “biomarker” can be defined as any characteristic 
that is measured as an indicator of a normal biological 
process, pathologic process, or response to an exposure 
or intervention, including a therapeutic intervention.1 

Introduction of new candidate biomarkers for IF/TA 
should be based on strong evidence supporting their 
safety, high sensitivity and specificity, superiority, or at 
least equivalence with available non-invasive means for 
quantifying IF/TA, and ideally a biomarker should have 
predictive value for chronicity and progression of renal 
disease in human subjects.2 The purpose of this review 
was to discuss potential “biomarkers” of renal IF/TA, 
focusing on IF.

Development of IF and TA may ensue after a failed 
reparative response or persistence of a variety of injuri-
ous factors, including inflammation, ischemia, and toxins 
as the most common,3 involving several pathogenetic 
mechanisms (briefly illustrated in Fig. 1). An in-depth 
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discussion on the pathogenesis of fibrosis is beyond the 
scope of this article, and numerous excellent reviews are 
available on this topic.4–8 As is common to many organs, 
following an insult to the renal parenchyma, myofibro-
blasts are activated and a multitude of pathways ulti-
mately converge on transforming growth factor 
beta–mediated production of fibrillar collagens, espe-
cially collagens I and III. The source of myofibroblasts 
has been much debated, and several lineages have 
been proposed, including pericytes,9,10 native renal 
fibroblasts,11 epithelial mesenchymal transformation of 
tubular epithelium,12 endothelial–mesenchymal transfor-
mation,13 and transdifferentiation of monocytes recruited 
from bone marrow.14 Insights into the matricellular origin 
of fibrosis are key to deriving a tissue-specific biomarker 
for the maladaptive repair process observed as fibrosis. 
To this end, cell enumeration technologies such as sin-
gle-cell RNA sequencing applied to human kidney biop-
sies15,16 may prove invaluable in mapping the lineage 
pathway to renal myofibroblast activation.

The Kidney Biopsy

The kidney biopsy remains central in establishing a 
diagnosis and prognostication of native kidney diseases 

and renal allograft dysfunction. Routine diagnostic eval-
uation of the presence and extent of pathologic IF and 
TA still relies mostly on visual inspection of renal tissue 
by light microscopy, immunofluorescence, immunohis-
tochemistry, and electron microscopy. Frequently in the 
pathologic evaluation of chronic lesions in the kidney 
biopsy, the extent of IF is found to be very similar to the 
degree of TA; however, different conditions may affect 
predominantly one of the two compartments, as, for 
example, when tubular dilatation as a result of chronic 
obstruction is more extensive than interstitial fibrotic 
expansion.

Strong correlation between the degree of interstitial 
and tubular scarring and renal function has long been 
known and is supported by a large body of litera-
ture.17–20 The potential predictive value of IF/TA for 
renal disease progression is being increasingly recog-
nized, and IF/TA scoring has been incorporated into 
pathologic guidelines for the classification of renal dis-
eases such as the MEST score for IgA nephropathy,21 
the Banff classification of transplant rejection,22 lupus 
nephritis,23,24 and diabetic nephropathy.25 Although 
most IF scoring in the above-mentioned classifications 
is semiquantitative, a precise determination of IF in 
kidney biopsies using a continuous score is desirable 

Figure 1.  Schematic illustration of steps in the development of renal interstitial fibrosis and tubular atrophy. Abbreviations: TGF-β, 
transforming growth factor beta; TNF, tumor necrosis factor; ECM, extracellular matrix; MMP, matrix metalloproteinases; DAMPs, 
damage-associated molecular patterns.
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as shown by Mariani et al.26 In this study, cortical IF/TA 
was scored as a continuous percentage by visual esti-
mate from whole slide digital images of kidney biop-
sies from 315 patients enrolled in the renal NEPTUNE 
trial. We demonstrated not only excellent inverse cor-
relation with the estimated glomerular filtration rate 
(eGFR) (r = −0.7, p<0.001) at the time of biopsy but 
also predictive value for renal outcome, with each 10% 
increase in IF associated with a hazard ratio of 1.29 
(p<0.03) for end-stage renal disease/40% of eGFR 
decline.26

Various ways to improve precision and reproducibil-
ity for measuring the degree of scarring on kidney 
biopsies by traditional light microscopy or digital 
microscopy have been described,27–30 and novel tech-
nical approaches have emerged for visual analysis of 
fibrosis in tissue samples. One example is second har-
monic generation (SHG), a non-linear multiphoton 
imaging modality that exploits the physical-chemical 
characteristics of collagen. Fibrillary collagens (colla-
gens I and III) have a triple-helix structure, extremely 
high level of crystallinity, and non-centrosymmetric 
structure that gives rise to detectable SHG of incident 
light very efficiently and specifically.31 SHG has been 
used to measure fibrosis in a label-free, species- and 
tissue-agnostic manner in mouse and humans kid-
neys.31–33 Although it has achieved broader reception 
for fibrosis metrics in liver biopsies for non-alcoholic 
fatty liver disease/steatohepatitis (NAFLD/NASH), it 
has only been superficially explored to quantify fibrotic 
interstitial expansion in the kidney.34 SHG can also be 
used for intravital imaging in living tissues in an endo-
scopic format.35 Although promising, SHG has only 
been used in experimental contexts and not ade-
quately validated for diagnostic application to measure 
IF in kidney biopsy specimens.

Imaging

Non-invasive imaging techniques have been applied 
to the study of kidney fibrosis, including ultrasound 
elastography (UE), magnetic resonance imaging 
(MRI), and contrast-enhanced computed tomography 
(CT). UE can detect abnormal stiffness in an organ 
and can be performed with qualitative and quantitative 
modalities, among which transient elastography is 
well suited for measurements in superficial organs 
such as liver, breast, and thyroid and is routinely per-
formed to assess the elastic properties of liver paren-
chyma in hepatic diseases. In the kidney, shear wave 
elasticity imaging has been the preferred approach; 
however, the deep anatomical location of the kidney, 
and its architectural complexity, represents a major 
challenge in the use of this techniques; definitions of 

normal range for kidney elasticity are still unavailable, 
and further improvements in the performance of this 
imaging approach in the native kidney are needed.36 
The anatomical superficiality of the transplanted kid-
ney makes it easier to access, potentially facilitating 
the application of UE to test allograft stiffness as an 
index of IF, by its mean organ stiffness, cortical stiff-
ness, and corticomedullary strain ratio. Among UE 
techniques, transient elastography may be the most 
effective non-invasive imaging method to detect early 
allograft fibrosis, but its accuracy is not high enough to 
measure the extent of interstitial fibrotic changes.37

Some non-contrast MRI methods have been tested 
to detect IF/TA: one, diffusion-weighted imaging (DWI), 
is based on water molecules’ motion, and another, 
blood oxygenation level–dependent imaging, is based 
on the extent of reduced blood flow to the kidney. Main 
hurdles that currently impede using MRI to measure 
kidney fibrosis are the heterogeneity of kidney archi-
tecture, the complex fluid intraparenchymal compart-
mentalization, and its variability in physiologic and 
pathologic conditions.38,39

Contrast-enhanced CT imaging has been used to 
assess the quantification of renal relative blood vol-
ume as an index of renal capillary rarefaction, a fea-
ture of kidney fibrosis, in patients with normal renal 
function and in patients with chronic kidney disease 
(CKD) before nephrectomy.40 In this study, microvas-
cular rarefaction was correlated with histological mea-
surement of fibrosis and capillary density and with a 
decline in GFR. Although promising, the need of radio-
contrast may prevent broader use of this approach.

Molecular Biomarker Discovery

Bioassays of compounds present in kidney tissue, 
urine, and blood have been explored in search for bio-
markers of CKD. Changes in gene expression and 
molecules involved in profibrotic biological pathways 
have been measured and correlated to the degree of 
renal fibrosis, and biomolecules with a direct link to 
pathophysiological processes may be viable candi-
date biomarkers with clinical resonance.

Tissue

In most studies on human kidney biopsies, changes in 
tissue mRNA and protein expression have been evalu-
ated as indicators of the degree of IF and in relation to 
eGFR at the time of biopsy. An added feature in tissue 
biomarker discovery should be search of biomarkers 
with value as predictors for progression and outcome.

Compared with healthy kidney tissue, progression 
of kidney lesions is accompanied by abnormal 
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upregulation and downregulation of certain signaling 
pathways; prominent among the upregulated path-
ways are immune responses including antigen pro-
cessing and presentation, major histocompatibility 
complex protein expression, T- and B-cell receptor sig-
naling, complement pathway, defense responses, 
responses to wounding, regulation of cell proliferation, 
and regulation of extracellular matrix organization.5

Control of these processes involves mediators such 
as transforming growth factor beta 1 (TGF-β1), tumor 
necrosis factor (TNF), matrix metalloproteinases (MMPs), 
and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB), and alteration of their downstream 
effectors in pathologic settings can lead to an increase in 
collagen synthesis and matrix protein accumulation, hall-
marks of fibrotic states.41 A brief description of these 
mediators, as well as their utility individually or in a panel 
for study of kidney fibrosis, is provided below.

TGF-β1 is a growth factor with multiple functional 
effects through interactions with its canonical receptors 
as well as other growth factor pathways and has been 
the focus of many studies as a potential biomarker and 
therapeutic target for fibrosis in general and renal fibro-
sis in particular.42 TGF-β1 stimulates fibroblast prolifer-
ation and transformation into myofibroblasts, resulting 
in an increased production of α-smooth muscle actin 
and extracellular matrix (ECM) components, essential 
for the development of fibrosis.

Tumor necrosis factor-α (TNF-α) is a proinflamma-
tory mediator, produced by T-lymphocytes, endothelial 
cells, and renal tubular epithelial cells. TNF-α is 
involved in inflammatory responses, reparative tissue 
responses, and cell regenerative and proliferative 
responses, and its secretion is increased during 
inflammatory states. MMPs play a major role in intersti-
tial remodeling by cleaving various ECM proteins, as 
well as other substrates such as cadherins, integrins, 
TGF-β, and fibroblast growth factor receptor 1. MMPs 
are classified based on their substrate selectivity and 
are differentially expressed in glomeruli and nephron 
segments; their activity is inhibited by tissue inhibitors 
of metalloproteinases (TIMPs), also expressed in the 
kidney.43 A role for MMPs and TIMPs has been pro-
posed in the progression of fibrosis in the kidney, and 
increased expression of both has been studied in 
chronic renal inflammation and/or fibrosis in the human 
kidney.

Epidermal growth factor (EGF) is the canonical 
ligand of the epidermal growth factor receptor (EGFR, 
ErbB1), a membrane tyrosine kinase receptor 
expressed in the kidney, which is activated after renal 
damage; other ligands for EGFR include transforming 
growth factor alpha, heparin-binding epidermal growth 
factor, and connective tissue growth factor, also known 

as CTGF/CCN2. Dysregulation of the EGFR pathway 
has been reported to have a role in the development of 
IF/TA in the kidney.

Each of these mediators has been proposed as a 
potential marker of fibrosis in human kidney biopsy tis-
sue, and relevant studies are summarized below.

Increased expression of MMPs (MMP-3, MMP-7, 
MMP-9), interleukin (IL)-8, urokinase R, and integrin-
β4 in 32 native biopsies from a European cohort 
was associated with fibrosis and progression during 
follow-up.44

In an analysis of the predictive value of gene tran-
script from kidney biopsies for eGFR at the time of 
biopsies in four separate cohorts of patients with vari-
ous kidney diseases, EGF was the best predictor 
among six genes (nicotinamide N-methyltransferase 
[NNMT], thymosin b-10 [TMSB10], tissue inhibitor of 
metalloproteinases [TIMP1], tubulin a 1A [TUBA1A], 
and annexin A1 [ANXA1]).45 Intrarenal expression of 
EGF and its urinary excretion were also found to have 
significant inverse correlation with IF.45

Measurement of gene expression performed on 
microdissected tubulointerstitial tissue in 165 renal 
biopsies of 315 patients with proteinuric glomerulopa-
thies enrolled in the NEPTUNE study revealed a high 
correlation between the degree of IF/TA and changes 
in the expression of profibrotic genes regulated by 
TNF, TGF-β1, interferon-γ, IL-1, and NF-kB, and 
decreased expression of EGF was also noted.26

Human transplanted kidneys have also been stud-
ied with similar results, even though most investiga-
tions have focused on markers of rejection. 
Quantification of mRNA expression in transplant 
biopsies, 10 with IF/TA and 5 control donor biopsies, 
showed increased tubulointerstitial expression of 
TGF-β, thrombospondin-1, fibronectin, and MMP-7 
mRNA levels in samples with fibrosis compared with 
normal biopsies; normal donor biopsies showed 
increased EGF expression.46 Another study also 
reported inverse correlation of tissue EGF expression 
and IF/TA in transplanted kidney biopsies.47 Analysis 
of the differentially expressed gene in kidney allograft 
biopsies at 3 and 12 months showed upregulation of 
genes related to fibrosis such as collagen type I alpha 
2 chain (COL1A2), decorin (DCN), and MMP-2 to 
occur in a late posttransplant phase.48 A predictive 
13-gene transcript signature in allograft kidney biop-
sies for risk of progressive damage in kidney trans-
plants after 1 year has been proposed49; unfortunately, 
only the Chronic Allograft Damage Index was used 
for scoring histology, and no direct quantification of 
fibrosis was provided.

Most of the above-cited studies confirm activation 
of gene pathways involved in matrix remodeling and 
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immune-related mechanisms, with common upstream 
regulators, but fail to provide convincing rationale for 
the added value of measuring expression of these 
genes in kidney biopsy tissue to predict progression of 
fibrosis.

Blood and Urine

Many potential blood and urine biomarkers of IF and 
progression of chronic kidney damage have been 
described and recently reviewed.50,51 These include 
urinary MMP-7,52 urinary fibrinogen,53 and serum lev-
els of soluble Klotho.54–56 (The Klotho soluble form α-
Klotho can bind to TGF-β receptor type 2, inhibit 
TGF-β1, and also suppress the activity of Wnt.57) 
Measurement of mRNA of extracellular matrix compo-
nents in the urine sediment had also been looked at as 
a potential biomarker of TF/IA, including the mRNA of 
collagen 1 A1 chain (COL1A1) and of fibronectin.58 
Combinatorial approaches to aggregate these bio-
markers are a ripe area for exploring novel panels for 
diagnosis and prognosis.

The available literature was reviewed by Mansour 
et al.50 to evaluate the reliability and performance of 
blood and urine biomarkers to identify IF on native or 
transplanted kidney biopsies, and their predictive 
value for renal outcome in the published literature. 
From 3681 published studies, nine biomarkers were 
deemed acceptable (i.e., correlation coefficient with 
fibrosis on renal biopsy r >0.40, or area under the 
curve >0.65). These are amino-terminal propeptide of 
type III procollagen (PIIINP; urine and blood), TGF-β 
(urine), monocyte chemoattractant protein-1 (MCP-1; 
urine); hepcidin (urine), liver-type fatty-acid-binding 
protein (LFABP; urine); plasminogen activator inhibi-
tor 1 (PAI-1; blood), MMP-2 (urine), and TIMP-1 
(urine). The highest biomarker performance for iden-
tifying patients at risk of fibrosis and worse renal out-
come was assigned to urine TGF-β, MCP-1, and 
MMP-2.

Of note, MCP-1 has shown promise as an indicator 
of IF in the kidney of 634 living donors, with significant 
increase (p=0.0005) in urine MPC-1/creatinine (Cr) 
correlated with relatively mild levels of IF ranging from 
5% to 10%.59

Although most of the biomarkers discussed to this 
point have focused on IF pathways, urinary EGF 
(uEGF) was recently described as the most promising 
biomarker of TA. As mentioned earlier, IF and TA are 
synchronous processes for the most part. Ju et al.45 
showed high inverse correlation of uEGF with the per-
centage of cortical IF/TA measured in kidney biopsies 
of patients with proteinuria and also showed that uEGF 
protein/Cr was a predictor of eGFR slope (r = 0.65, 

p<0.001) in a multivariable regression model, confirm-
ing older reports that uEGF could be a marker of renal 
disease progression.60 Nowak et  al.61 examined the 
prognostic value of serum and urinary markers as pre-
dictors of progressive renal function decline in 1032 
subjects with type 2 diabetes and found that a 
decreased ratio of uEGF/MCP-1 had a high prognostic 
value. Azukaitis et al.62 examined uEGF/Cr in assess-
ing the probability of progression in a cohort of 623 
pediatric patients with CKD and found that lower val-
ues of uEGF/Cr were associated with higher risk of 
CKD progression. Thus, uEGF/Cr may prove to be a 
useful longitudinal biomarker to assess progressive 
renal parenchymal scarring.

MicroRNAs (miRNAs)

Small RNAs or miRNAs typically function as regulatory 
molecules of coding RNA species such as mRNAs and 
have been investigated as potential biomarkers in kid-
ney disease. Below are some of the results from human 
studies, although additional miRNAs have been pro-
posed from studies on model organisms.63,64 Among 
the most frequently reported miRNAs are miR-21, miR-
29, and miR-93, which are downstream of TGF-β-
Smad signaling; increased urinary levels of these 
molecules would be functionally consistent with the 
alteration of a key pathway driving fibrogenesis.64 In 
allografts, serum/plasma miR-145-5p, miR-148a, miR-
150, miR-192, and miR-200b were inversely correlated 
with graft function and IF/TA, whereas upregulation of 
plasma/serum miR-423-3p, miR-21, miR-142-3p, and 
miR-155 and urinary miR-21 and miR-200b correlated 
with graft dysfunction.65–68 Meta-analysis of renal fibro-
sis studies identified five upregulated miRNAs (miR-
142-3p, miR-223-3p, miR-21-5p, miR-142-5p, and 
miR-214-3p) and two downregulated miRNAs (miR-
29c-3p and miR-200a-3p) as possible biomarkers of 
fibrosis.69 In diabetic kidney disease, a review of miRNA 
dysregulation identified miR-21-5p, miR-29a-3p, miR-
126-3p, miR-192-5p, miR-214-3p, and miR-342-3p as 
possible biomarkers.70 In IgA nephropathy, urinary sed-
iment miRNAs have been assessed, and significantly 
lower urinary miR-34a, miR-205, and miR-155, but 
higher miR-21 were appreciated.71 Urinary miR-196a 
was reported to distinguish focal segmental glomerulo-
sclerosis patients with complete remission from those 
with nephrotic-range proteinuria, as well as predicting 
IF/TA.

Although miRNAs hold promise as biomarkers, 
their lack of tissue specificity, oftentimes lack of func-
tional implications, and few reproducibility studies cast 
doubts on their value, and their current status as a 
clinically meaningful biomarker is not established.
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Exosomes and Microvesicles

A few studies have examined the content of urine exo-
somes as a possible source of biomarkers for kidney 
fibrosis. Urinary exosomes are small microvesicles 
ranging in size from 30 to 100 nm; in the kidney, they 
originate from glomerular and tubular cells and can be 
isolated in small amount from urine typically through 
ultracentrifugation.72

Analysis of mRNA transcripts in urinary exosomes 
collected from 32 subjects undergoing kidney biopsies 
compared with non-biopsied healthy controls showed 
a low but significant correlation (r = 0.394, p=0.03) 
with the percentage of IF and with eGFR of CD2-
associated protein (CD2AP). Mutations of this gene 
have been associated with focal segmental glomerulo-
sclerosis and nephrotic syndrome, but the pathophysi-
ologic context for CD2AP as a as biomarker of fibrosis 
is not clear.73

Urinary levels of endothelial microparticles (EMPs) 
as a possible marker of decreased density of peritubu-
lar capillaries and fibrosis were examined in 38 hyper-
tensive patients, of which 7 had kidney biopsies, and 
in 14 non-biopsied controls. Peritubular capillary 
(PTC)-EMPs were identified as urinary exosomes pos-
itive for the plasmalemmal-vesicle-associated protein 
(PL-VAP), which is expressed in the endothelium of 
peritubular capillaries and vasa recta but not in glom-
eruli and arteries. Urinary PTC-EMP levels correlated 
directly with blood pressure and inversely with eGFR. 
In renovascular hypertensive subjects, urinary PTC-
EMP levels correlated inversely with histological PTC 
count (r = −0.786, p=0.036) and directly with the per-
centage of fibrosis (r = 0.828, p=0.042).74 Levels of 
miR-29c, miR-21, E-cadherin mRNA, and vimentin 
mRNA in urinary exosomes were examined in 32 
patients with IF/TA on renal biopsy and in 20 control 
patients with no IF/TA in renal biopsy; IF/TA was evalu-
ated with semiquantitative score. Compared with con-
trols, urinary exosomal miR-21 and vimentin were 
significantly increased in IF/TA patients (p<0.05), 
whereas miR-29c (p<0.05) and E-cadherin (p=0.0524) 
were decreased, with miR-29c appearing the most 
reliable of the four.75

Considering the labor-intensive techniques to iso-
late microparticles and exosomes, the potential of 
these types of samples as a source of diagnostic bio-
markers does not seem promising.

Identification of specific pathologic kidney injury 
and evaluation of its progression, in most cases, still 
require a kidney biopsy, in conjunction with the estima-
tion of eGFR and quantification of urine protein excre-
tion. Several urine and blood compounds, reviewed 
here, have been proposed as potential non-invasive 

biomarkers of chronic IF and TA. Such a tool would be 
invaluable for the clinical care of patients with kidney 
disease. Although the progress has been significant, 
and the results very encouraging, current data sug-
gest that further study is necessary before sufficient 
validation and regulatory approval of soluble biomark-
ers to be available for use in routine clinical settings for 
renal fibrosis.
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