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A B S T R A C T

Background: Matrix Gla Protein (MGP) is a potent inhibitor of ectopic calcification and modulates bone mor-
phogenesis. Little is known about MGP expression or function in kidney.
Methods: We investigated renal MGP expression in Sprague-Dawley rats after 5/6 nephrectomy (5/6 Nx) and in human
kidney biopsies in the Nephrotic Syndrome Study Network (NEPTUNE) cohort. We analyzed associations between
glomerular (n=182) and tubulointerstitial (TI) (n=219) MGPmRNA levels and the disease activity/histologic features
in NEPTUNE patients. Additionally, uncarboxylated and carboxylated MGP (ucMGP and cMGP, respectively) were lo-
calized by immunohistochemistry and quantitated in kidney tissues of patients at different stages of CKD (n=18).
Results: Renal MGP expression was increased in rats after 5/6 Nx. In NEPTUNE data, baseline estimated glo-
merular filtration rate (eGFR) negatively correlated with glomerular and TI MGP expression (p <0.001). TI
MGP expression strongly correlated with interstitial fibrosis, tubular atrophy, acute tubular injury, and inter-
stitial inflammation, independent of eGFR. Kaplan-Meier analysis and multivariable Cox regression showed that
higher levels of TI MGP expression were associated with an increased risk for the composite of 40% decline in
eGFR and end-stage renal disease (ESRD) (HR, 3.31; 95% CI, 1.31 to 6.32; p=0.02). Glomerular and tubu-
lointerstitial cells demonstrated nuclear and cytoplasmic cMGP and ucMGP staining, and eGFR inversely cor-
related with quantified glomerular cMGP staining (p <0.05).
Conclusions: Our data demonstrate that renal MGP expression is increased in human and experimental CKD, and
is associated with renal outcome. Additional studies are needed to determine its mechanism of action.

1. Introduction

In an unpublished study in rats 2 days, 2weeks, and 4weeks after 5/6
nephrectomy (5/6Nx), we noted changes in the remnant kidney in several
transcripts that are prominent in bone remodeling and calcification. Early
experimental studies indicated that renal calcification may accelerate
chronic kidney disease (CKD) progression (Lau, 1989; Cozzolino et al.,
2002; Ibels et al., 1978). While several studies reported increased renal
calcium content (Gimenez et al., 1987; Ibels et al., 1981) and microscopic
nephrocalcinosis (Evenepoel et al., 2015) in human kidneys in advanced
CKD, the idea of a direct effect of calcification on progressive CKD in
humans has been largely abandoned. Nevertheless, these changes in bone-
associated proteins raise the possibility that “ossification”, considered as

de novo or altered expression of bone-related proteins in injured renal
tubules may occur in CKD.

Matrix Gla Protein (MGP), a vitamin K–dependent protein, has at-
tracted increasing attention as a key molecular player in inhibiting vas-
cular calcification. Although first isolated from bone, MGP mRNA is ex-
pressed in various tissues, including heart, lung, kidney, skin, and arterial
vessel walls (Schurgers et al., 2013; Wei et al., 2018a). It is synthesized by
chondrocytes, vascular smooth muscle cells (VSMCs), endothelial cells,
fibroblasts and leukocytes including macrophages and T-lymphocytes
(Schurgers et al., 2013; Viegas et al., 2017). MGP knockout mice die
within 2months from blood vessel rupture due to extensive vascular mi-
neralization (Luo et al., 1997). Studies have suggested that calcified
VSMCs in human atherosclerotic plaques upregulate MGP gene expression
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in a negative feedback manner (Shanahan et al., 1994; Proudfoot et al.,
1998; Wei et al., 2018b). To attain its full calcification inhibitory activity,
MGP undergoes two post-translational modifications: serine phosphor-
ylation and glutamate carboxylation (Schurgers et al., 2007). The active
form, carboxylated MGP (cMGP), potently inhibits arterial calcification by
antagonizing bone morphogenetic protein 2 and 4, (BMP-2, −4), and by
directly inhibiting calcium crystal growth (Zebboudj et al., 2002; Liao
et al., 2011). cMGP is detected in intact healthy vessels. Its inactive form,
uncarboxylated MGP (ucMGP) accumulates in areas of vascular calcifi-
cation (Schurgers et al., 2015). ucMGP has two forms; phosphorylated
ucMGP (p-ucMGP) and desphosphoryated ucMGP (dp-ucMGP). Elevated
plasma dp-ucMGP level is considered a proxy for vitamin K deficiency
(Schurgers et al., 2010; Wei et al., 2016a). Because vitamin K deficiency
impairs MGP carboxylation, which contributes to the development and
progression of vascular calcification, there are several clinical trials on-
going to assess vitamin K supplementation for the prevention of vascular
calcification (Krueger et al., 2013; Holden et al., 2015; Knapen et al.,
2015).

Several additional studies assessed microvascular effects of MGP,
including in CKD (Wei et al., 2016b). Cross-sectional studies in CKD
populations have shown that estimated glomerular filtration rate
(eGFR) was inversely associated with plasma dp-ucMGP levels and
positively with plasma total ucMGP levels (Schurgers et al., 2010; Wei
et al., 2016a; Kurnatowska et al., 2016). In patients with eGFR
≥60mL/min/1.73 m2, those with high baseline plasma dp-ucMGP le-
vels had an increased incidence of developing eGFR<60mL/min/
1.73m2 during follow-up, implicating a renoprotective effect of active
MGP (Wei et al., 2017).

Currently, little is known about renal MGP expression and function.
The aim of this study was to analyze renal MGP expression, localize and
quantify renal cMGP and ucMGP at different CKD stages, and explore
whether renal MGP is associated with renal outcomes.

2. Materials and methods

2.1. Animals

We performed 5/6Nx (n=9) on Sprague-Dawley rats, sacrificed
them at 2 days, 2 weeks, or 4 weeks, and compared the expression

Table 1
Levels of differentially expressed genes after 5/6 Nx Significant differences versus control (sham surgery), *P <0.05; **P <0.01.

Gene Symbol Gene Title Fold Changes

2 days 2weeks 4 weeks

A. Calcification Promotors
BMP-2 Bone morphogenetic protein 2 1.7 ** 2.35 ** 2.36 **
BMP-4 Bone morphogenetic protein 4 −1.96 * −2.08 ** −2.76 **
SMAD1 Mothers against decapentaplegic homolog 1 1.36 * 1.35 ** 1.59 **
ON(SPARC) Osteonectin 1.21 2.23 ** 1.61 *
LRP5 Low density lipoprotein receptor-related protein 5 4.29 ** 2.02 ** 2.37 **
IGFBP4 Insulin-like growth factor binding protein 4 −1.41 −2.08 ** −1.56 *
TGFB1 Transforming growth factor beta 1 2.06 * 2.69 ** 2.66 **
CDH11 Cadherin 11 1.03 3.27 ** 1.980 **
COL1a1 Collagen type I, alpha 1 6.72 ** 7.9 ** 4.940 **
FN1 Fibronectin 1 5.52 ** 5.89 ** 4.720 **

B. Calcification Inhibitors
TNFRSF11B (OPG) Osteoprotegerin −4.96 ** −6.04 ** −7.06 **
VNN1 Vanin-1 −2.2 ** −4.46 ** −2.37 **
MGP Matrix Gla protein 2.16 ** 3.27 ** 3.31 **
SSP1 (OPN) Osteopontin 4.99 ** 5.66 ** 6.03 **
CSF1R Colony stimulating factor 1 receptor 1.74 * 2.95 ** 2.9 **
FBN1 Fibrillin 1 1.51 4.71 ** 3.09 **
CTSK Cathepsin K 1.39 2.71 ** 2.59 **
PTGFA Platelet-derived growth factor, alpha polypeptide 1.71 ** 1.83 ** 1.82 **
S100A4 (FSP1) S100 Calcium Binding Protein A4 4.9 ** 4.74 ** 3.89 **
LOC498289 Similar to Opsin3 2.13 * 3.12 ** 3.08 **
DES Desmin 2.76 ** 3.13 ** 2.48 **

Fig. 1. Correlation of baseline eGFR (mL/min/1.73m2) and MGP transcript in
glomeruli (A) and tubulointerstitium (B) in NEPTUNE.
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results to sham-operated rats (Control, n=3). Procedures were per-
formed according to guidelines established by the National Research
Council Guide for the Care and Use of Laboratory Animals. All protocols
were approved by the Animal Research Committee, Los Angeles
Biomedical Research Institute.

2.2. Gene expression array analysis

Affymetrix Gene Chip 230_2 was used to perform expression ana-
lysis. Total RNA from three remnant kidneys at each time point and
three normal kidneys were labeled and hybridized to the chips. For
each gene, data were expressed as average differences between the
perfect match and mismatch probes.

2.3. Nephrotic Syndrome Study Network (NEPTUNE), patient protocol

Glomerular and TI transcript data for MGP, and baseline and follow-
up clinical data were obtained from the Nephrotic Syndrome Study
Network (NEPTUNE). NEPTUNE is part of the National Institutes of
Health (NIH) Rare Disease Clinical Research Network (RDCRN). The
study design and cohort baseline description are published (Gadegbeku
et al., 2013; Gipson et al., 2016). NEPTUNE was approved by colla-
borating center Institutional Review Boards, and subjects or guardians
provided consent to participate. Eligible patients had a clinically in-
dicated renal biopsy for suspected minimal change disease (MCD),
membranous (MN), or focal and segmental glomerulosclerosis (FSGS),
with proteinuria ≥500mg/day estimated from a 24-h or spot urine

collection and without clinical or pathologic evidence of non-targeted
kidney diseases.

2.4. NEPTUNE, morphologic assessments

In NEPTUNE biopsies, interstitial fibrosis (IF), tubular atrophy (TA),
acute tubular injury (ATI) and interstitial inflammation (II) were as-
sessed on whole-slide images as described (Barisoni et al., 2016). Glo-
merular, tubular, interstitial and vascular features were evaluated by up
to five participating renal pathologists, and the average score was used
for each feature. Visual quantitative assessment of IF/TA and II was
reported as 0–100% of cortex involved, and ATI assessment was re-
ported as none(0), mild(1+), moderate(2+), or severe(3+).

2.5. NEPTUNE, clinical data and outcome analysis

Socio-demographic data and medical history were recorded, and
blood and urine specimens were collected at baseline and each follow-
up visit for up to 5 years (Hogan et al., 2015). eGFR (mL/min/1.73m2)
was calculated using the Chronic Kidney Disease Epidemiology Colla-
boration (CKD-EPI) formula for participants ≥ 18 years old and the
modified CKiD-Schwartz formula for children< 18 years old. CKD
progression was evaluated with a composite of 40% decline in eGFR
from baseline or end-stage renal disease (ESRD) (Mariani et al., 2017;
Levey et al., 2014), defined as the initiation of dialysis, kidney trans-
plant, or eGFR<15mL/min/1.73 m2 on two measurements (Gipson
et al., 2016).

Fig. 2. Correlation of baseline UPCR [g/g] and MGP transcript in glomeruli (A)
and tubulointerstitium (B) in NEPTUNE.

Fig. 3. Correlation between tubulointerstitial MGP transcript and interstitial
fibrosis (A) and tubular atrophy (B) in NEPTUNE data.
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2.6. NEPTUNE, molecular data

Renal biopsy cores were microdissected to separate glomerular and
TI compartments. Total RNA was isolated, reverse transcribed, ampli-
fied and hybridized on an Affymetrix 2.1 ST platform as described
(Mariani et al., 2017; Lai et al., 2015; Schmid et al., 2006). Gene ex-
pression was normalized, quantified and annotated at the Entrez Gene
level.

2.7. cMGP and ucMGP immunohistochemistry

To localize and quantify cMGP and ucMGP proteins, im-
munohistochemistry was performed on kidney tissues previously ob-
tained for clinical reasons, including FSGS or diabetic kidney disease
(DKD) biopsies with various CKD stages, and normal kidney from
cancer nephrectomies for controls. This study was approved by the Los
Angeles Biomedical Research Institute and Cedars-Sinai Institutional
Review Boards.

Four-micron sections of formalin-fixed paraffin-embedded tissues
were deparaffinized and rehydrated. Staining was performed with
mouse monoclonal antibodies against cMGP and ucMGP (IDS, Boldon,
UK and ref. Schurgers ATVB2005). Following antigen retrieval with
pH 6 citrate buffer at 110o C and blocking with 3% H2O2 for 10min,
slides were incubated with the primary antibody at 1:400 dilution
overnight at 4o C. Detection was performed using a Ventana DAB de-
tection kit. Stained slides were scanned using an Aperio scanner and
regions of interest including glomeruli, TI, arteries and arterioles were

annotated and analyzed separately. Staining in regions of interest was
quantitated by area and by cells within the area normalized to controls.
They were assessed for inflammation (0–100%) on light microscopic
slides. Biopsies also underwent Alizarin red and von Kossa staining to
assess calcium deposition using a scale of 0–4+ .

2.8. Statistical analysis

Continuous data were reported as mean ± standard deviation if
normally distributed and as median and interquartile range (IQR) if not.
Categorical data were expressed as frequencies and percentages.

Pearson's correlation coefficient was used to analyze correlation
between continuous variables. Kruksal-Wallis tests were used to com-
pare MGP expression by categorical variables.

The association of MGP expression levels with quantitated mor-
phologic changes were explored using multivariable linear and logistic
regression models adjusting for eGFR. The Kaplan-Meier method was
used to estimate the time to kidney failure. Comparison between sur-
vival curves were made by log-rank test. Cox proportional hazards
model was fit to estimate the hazard ratio (HR) for the composite of
40% decline in eGFR or ESRD. Backward stepwise selection of covari-
ates was used. Covariates were selected either on the basis of whether
they showed a significant association with MGP expression level in
univariate analysis or whether they were known to influence the renal
outcome. Analyses were performed using both STATA, v12.1(College

Fig. 4. Tubulointerstitial MGP transcript in biopsies with and without acute
tubular injury (ATI) (A) and interstitial inflammation (B) in NEPTUNE data.

Fig. 5. Glomerular (A) and tubular (B) MGP transcripts in biopsies by diagnosis
in NEPTUNE data.
MCD, minimal change disease. FSGS, focal segmental glomerulosclerosis. MN,
membranous nephropathy.
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Station, TX, USA) and SAS 9.4 (SAS Institute Inc.,Cary, NC, USA). p
value of< 0.05 was considered statistically significant.

3. Results

3.1. Gene expression profiles in rat remnant kidney tissues after 5/6Nx

Differentially expressed genes related to ossification were identified
in remnant kidney (Table 1). Among these, expression of MGP was
significantly increased in rats after 5/6Nx as follows: 2.16-fold (2 days,
p=0.002), 3.27-fold (2 weeks, p=0.0002), and 3.31-fold (4 weeks,
p=0.0002).

3.2. MGP expression in glomerular and tubulointerstitial samples in the
NEPTUNE cohort

Genome-wide tissue mRNA expression from microdissected glo-
meruli and TI were analyzed separately. MGP expression was analyzed
from glomeruli (182 patients; 41 MCD, 48 FSGS, 46 MN, and 47 others)
and TI (219 patients; 49 MCD, 67 FSGS, 44 MN, and 59 others).
Expression levels were correlated with baseline and follow-up labora-
tory data. There was a negative correlation between eGFR and both
glomerular (r=−0.28, p <0.001) (Fig. 1A) and TI (r=−0.43,
p < 0.001) MGP transcript levels (Fig. 1B). A weaker, but still sig-
nificant, negative correlation was found between baseline UPCR and
glomerular (r=0.17, p= .02) (Fig. 2A) and TI (r=0.28, p < 0.001)
MGP expression (Fig. 2B). This is consistent with a TI injury signal in
these subjects with primary glomerular disease. Consistent with this, TI
MGP transcript levels positively correlated with IF/TA (Fig. 3). MGP
was more highly expressed in TI with ATI or II than those without them.
(Fig. 4). A multivariable linear regression model for IF/TA and logistic
regression model for ATI and II showed that TI MGP transcript levels
were consistently associated with IF/TA, ATI, and II after adjusting for
eGFR.

MGP expression levels did not correlate with serum calcium or
phosphorus levels. Among MCD, FSGS, MN, and other glomer-
ulopathies, the lowest expression of MGP was seen in glomeruli and TI
in MCD (Fig. 5, p <0.001). This difference remained significant after
adjustment for baseline eGFR.

3.3. MGP expression and disease progression in NEPTUNE cohort

Unadjusted Kaplan–Meier survival curves (Fig. 6) demonstrate that
higher TI MGP expression was associated with an increased hazard of
ESRD or 40% decline from baseline eGFR (Fig. 6B; log-rank test:
p < 0.001). In this analysis, where the cohort was divided into two
groups by the median level of TI MGP expression (> 7.84 or≤ 7.84),
the group with the higher TI MGP expression had 36 events per 120
patients and 3876 patient-months of follow-up (risk= 11.1 per 100
patient-years), while the group with lower TI MGP expression had 10
events per 118 patients and 3920 patient-months of follow-up.
(risk= 3.06 per 100 patient-years).

In the unadjusted Cox proportional hazards model, the group with
the higher TI MGP expression had a HR of 4.16 (95% CI, 2.06–8.39;
p <0.001) for ESRD/40% eGFR decline from baseline (Table 2). After
adjusting for baseline eGFR, higher TI MGP expression remained a
significant predictor for ESRD/40% eGFR decline (HR, 2.75; 95% CI,
1.29–5.86; p=0.009). The multivariable Cox regression analysis with
adjustment for eGFR, UPCR, age, race, IF, global glomerulosclerosis,
immunosuppressive and RAAS therapies yielded a HR of 3.31 (95% CI,
1.31–6.32; p=0.02) for ESRD/40% eGFR decline. This result further
suggests that TI MGP expression is an independent predictor of CKD
progression in these glomerulopathies.

Fig. 6. Time to ESRD or 40% reduction in eGFR by glomerular (A) and tubular
(B) MGP transcript in biopsies in NEPTUNE data.

Table 2
Results of Cox-proportional hazards model of tubulointerstitial (TI) MGP tran-
scripts as a predictor of time to ESRD or 40% reduction in eGFR.

Hazard ratio 95% Confidence
interval

p

Unadjusted
MGP (TI)

High (> 7.84) 4.16 2.06 to 8.39 < 0.001
Low (≤7.84) REF REF REF

eGFR adjusted
MGP (TI)

High (> 7.84) 2.75 1.29 to 5.86 0.009
Low (≤7.84) REF REF REF
eGFR (per 30) 0.64 0.47 to 0.90 0.01

Final backwards selection
modela

MGP (TI)
High (> 7.84) 3.31 1.16 to 9.44 0.02
Low (≤7.84) REF REF REF
UPCR (per 1) 1.10 1.01 to 1.20 0.02

Race
Black/African American 2.88 1.31 to 6.32 0.008
Other REF REF REF
Global sclerosis (%) (per
10)

1.24 1.09 to 1.42 0.001

a Test covariates include MGP(TI), eGFR, UPCR, age, race, interstitial fi-
brosis, global sclerosis, immunosuppressive therapy, RAAS blockade therapy.

K.N. Miyata et al. Experimental and Molecular Pathology 105 (2018) 120–129

124



3.4. Clinical characteristics of patients whose kidney biopsies were stained
for cMGP/ucMGP immunohistochemistry

Immunohistochemistry was performed on kidney tissue from 18
patients with different CKD stages (12 idiopathic FSGS, 4 DKD, and 2

cancer nephrectomies). The mean age and eGFR was 51.1 ± 8.6 years
and 34.4 ± 25.7mL/min/1.73m2, respectively. All baseline patient
characteristics are presented in Table S1. No patients were treated with
immunosuppressives or warfarin at the time of biopsy.

Fig. 7. Immunohistochemistry of human kidney tis-
sues with antibodies against cMGP and ucMGP.
Case 1 (control kidney from cancer nephrectomy,
eGFR 85.9mL/min/1.73 m2, UPCR 0 g/g): cMGP
stains proximal tubular cells luminal cytoplasm and
focal apical brush borders, focal distal tubular epi-
thelial apical cytoplasm and nuclei, and focal glo-
merular parietal epithelial cell nuclei. ucMGP shows
weak proximal tubular cell cytoplasmic staining,
strong diffuse and focal prominent apical cyto-
plasmic staining of distal tubular cells and weak
nuclear staining of glomerular parietal and visceral
epithelial cells.
Injured kidneys (Case 2. A patient with FSGS, eGFR
61mL/min/1.73m2, UPCR 1.0 g/g; Case 3. A patient
with FSGS, eGFR 5mL/min/1.73m2, UPCR 1.2 g/g;
Case 4. A patient with diabetic glomerulosclerosis,
eGFR 11mL/min/1.73 m2, UPCR 21 g/g) show
cMGP staining which persists or is increased in
proximal and distal tubular cell cytoplasm of pre-
served tubules, reduced cytoplasmic but focal pre-
served or increased nuclear staining in atrophic tu-
bules, and weak staining of glomerular extracellular
matrix. Staining of glomerular epithelial cell nuclei
can be seen in Case 2. Staining for ucMGP shows
more intense cytoplasmic staining of non-atrophied
proximal tubular cells with preserved or enhanced
staining of cell cytoplasm in atrophic tubules. Patent
glomeruli had more prominent staining of podocyte
nuclei and sclerotic glomeruli showed weak staining
of extracellular matrix material.
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3.5. Localization of cMGP and ucMGP in human kidney biopsies

Fig. 7 illustrates representative staining of cMGP and ucMGP in
human kidney biopsies. In control renal cortex, cMGP staining was
often present in proximal tubular cell luminal cytoplasm and less often
in apical brush borders, and focally in distal tubular epithelial apical
cytoplasm and nuclei. There was focal weak staining of glomerular
parietal epithelial cell nuclei. Arteries had positive staining in the in-
ternal elastic lamina, focally in smooth muscle cytoplasm and infre-
quently in endothelial cell nuclei and cytoplasm. Within the medulla,
loops of Henle had apical and perinuclear cMGP while collecting ducts
showed apical and focally diffuse cytoplasmic staining. In injured kid-
neys, there was reduced cMGP staining in atrophied tubules while
sclerotic glomeruli had weak positive staining in extracellular matrix.
Preserved tubules had similar to increased staining of proximal and
distal tubules relative to controls, and there was enhanced nuclear and
cytoplasmic staining of parietal cells in patent glomeruli.

In control renal cortical tissue, ucMGP had minimal to weak
staining diffusely in proximal tubular cell cytoplasm including luminal
cytoplasm, while distal tubular cells showed more intense diffuse and
focal apical cytoplasmic staining. Glomerular parietal and visceral
epithelial cells had weak nuclear ucMGP, and arteries showed staining
of the internal elastic lamina, and in smooth muscle cells focally in the

nuclei and infrequently weakly in the cytoplasm. In kidneys with
chronic injury, there was more intense cytoplasmic ucMGP of non-
atrophied proximal tubular cells with preserved or enhanced staining of
cell cytoplasm in atrophic tubules. Patent glomeruli had more promi-
nent staining of podocyte nuclei and sclerotic glomeruli showed weak
staining of extracellular matrix material. Interestingly, there was heavy
cytoplasmic staining of interstitial inflammatory cells, which was not
present with cMGP.

All the biopsies were evaluated with Alizarin red and von Kossa
stains and none had any calcification.

3.6. cMGP and ucMGP quantification by digital immunohistochemistry

Quantification of cMGP and ucMGP immunostaining of the 18 samples
showed a negative correlation between eGFR and cMGP positive area in
glomeruli (r=−0.56, p=0.02. Fig. 8A), but not in the TI. There were no
significant correlations between eGFR and glomerular/TI ucMGP or
combined cMGP+ucMGP positive area (Fig. 8, B-D). Likewise, no sig-
nificant correlations were found between eGFR and cMGP or ucMGP po-
sitive areas in arteries. TI inflammation (%) was not associated with
cMGP, ucMGP, or cMGP+ucMGP positive areas. Neither serum calcium
(Ca), phosphorus (P), Ca✕P, or alkaline phosphatase were correlated with
cMGP or ucMGP positive areas, positive nuclei, or positive cytoplasm (%).

Fig. 8. Quantification of cMGP and ucMGP staining in kidney biopsies.
A. Correlation between eGFR and cMGP positive area in glomeruli.
B. Correlation between eGFR and cMGP positive area in TI.
C. Correlation between eGFR and ucMGP positive area in glomeruli.
D. Correlation between eGFR and ucMGP positive area in TI.
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While TI ucMGP positive area was variable even among patients
with the same CKD stage (Fig. 8D), the rate of eGFR decline per month
(mL/min/1.73 m2/month) was negatively correlated with TI ucMGP
positive area (Fig. 9A, r=−0.577, p=0.04). Similarly, when TI
ucMGP positive area (%) was compared between patients who con-
tinued to have stable renal function and patients who reached ESRD or
40% decline in eGFR within 5 years, stable patients had a higher
average rate of ucMGP positive areas (Fig. 9B, 23.5 ± 7.2%[N=5] vs
11.5 ± 9.3%[N=10], p=0.03).

4. Discussion

To the best of our knowledge, this is the first study that combines
analyses of renal MGP gene expression in CKD in experimental animals
and patients, protein localization in human kidney tissues, and corre-
lative relationships between MGP expression and renal functional out-
comes.

Renal MGP expression is increased in an animal model of pro-
gressive renal failure induced by 5/6Nx. Glomerular and TI MGP ex-
pression also is increased in NEPTUNE cohort patients with glomerular
disease and progressive CKD. These results are consistent with pub-
lished microarray results, which show that renal MGP expression is
increased in DKD patients and in ageing rats (Woroniecka et al., 2011;
Hultström et al., 2012). One of our unique findings is that TI MGP
expression is associated with IF/TA, ATI, and II, independent of eGFR.

Furthermore, patients with higher TI MGP had a higher hazard of
ESRD/40% decline in eGFR, even after adjustment of multiple covari-
ates known as accelerators of CKD. In human atherosclerotic plaques,
increased MGP expression may be a cellular adaptation to inhibit cal-
cification. While this may be operative in renal injury, MGP may impact
on other pathways in the kidney. cMGP inhibits BMP-2 (Zebboudj et al.,
2002), which is an antagonist of renal IF (Yang et al., 2009). Thus,
increased renal MGP may facilitate IF by interfering with the re-
noprotectant actions of BMP-2. Another hypothesis is that low vitamin
K intake in this population may be causing poor carboxylation, there-
fore limiting the renoprotective effect of cMGP (Wei et al., 2017), even
though MGP is upregulated on transcription level. Currently, the con-
sequences of increased renal MGP expression remain unclear.

Our studies showed an inverse association between TI inactive
ucMGP staining and eGFR decline rate while active cMGP or combined
cMGP+ucMGP positive areas were not associated with CKD progres-
sion. This result seems inconsistent with the gene expression result,
where NEPTUNE patients with higher TI MGP expression had a worse
renal outcome. This discrepancy may be explained by measurement of
intravascular MGP protein in addition to MGP produced locally.
Rennenberg et al. demonstrated that the average renal fractional ex-
traction of MGP was 12.8% by comparing the MGP concentrations of
human renal arteries and veins (Rennenberg et al., 2008). Thus, pa-
tients with stable renal function may have more ucMGP originating
from the systemic circulation. Another possible explanation is the dif-
ference in original kidney disease. This analysis of renal outcomes was
performed for the combined data of 13 biopsies with DKD or FSGS,
while NEPTUNE gene expression data were from patients with protei-
nuria without diabetes. In fact, in Fig. 9, the three patients with the
highest eGFR decline rate were diabetic patients. Because the clinical
course of DKD may be different from the NEPTUNE glomerular dis-
eases, MGP expression and posttranslational protein synthesis may also
be differentially affected.

This study has limitations. First, in this observational study cause-
and-effect relationships cannot be inferred. Elevated MGP expression in
advanced CKD may be a consequence of CKD or a cause of CKD pro-
gression. Second, our histological analysis was a retrospective study
using stored kidney biopsy tissues. Thus, we could not obtain circu-
lating levels of cMGP, ucMGP, Vitamin K, protein induced in vitamin K
absence II (PIVKA-II, ucFII, a marker of vitamin K deficiency), and
urinary MGP at the time of the biopsy. Future studies would benefit
from prospective design, assessing the correlations of these markers and
the histological changes, and the renal prognosis. Finally, we used non-
neoplastic kidney from cancer nephrectomies as controls and at this
time, it is not known if cancers alter MGP expression or MGP protein
synthesis and/or modifications.

5. Conclusion

This study provides clear evidence that MGP is expressed in control
and diseased glomeruli and TI, with increased expression in glomerular
disease. There is a negative correlation between MGP expression and
eGFR, and the degree of TI MGP expression may have value as a pre-
dictor of renal outcome. Additional studies are needed to determine if
the expression of renal MGP represents glomerular and tubular ded-
ifferentiation or an injury adaptation, and if the local production of
cMGP and/or ucMGP protein have any direct clinical significance in the
progression or prevention of CKD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yexmp.2018.07.001.
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