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progression and mortality in type 2 diabetes
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aKidney Research Institute and Division of Nephrology, Department of Medicine, University of
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bDepartment of Biostatistics, University of Washington

Abstract

Aims—The renin-angiotensin-aldosterone system (RAAS), bone morphogenetic protein (BMP)
and WNT pathways are dysregulated in diabetic kidney disease (DKD). Urine excretion of
angiotensinogen, gremlin-1 and matrix metalloproteinase-7 (MMP-7), components of the RAAS,
BMP and WNT pathways, respectively, is increased in DKD. We asked if this increase is
associated with subsequent progression to end-stage renal disease (ESRD) or death.

Methods—Using time-to-event analyses, we examined the association of baseline urine
concentration of these proteins with progression to ESRD or death in a predominantly Mexican-
American cohort with type 2 diabetes and proteinuric DKD (n=141).

Results—Progression to ESRD occurred for 38 participants over a median follow-up of 3.0
years; 39 participants died over a median follow-up of 3.6 years. Urine MMP-7 and gremlin-1
were associated with increased risk of ESRD after adjustment for demographic and clinical
covariates. Angiotensinogen showed a U-shaped relationship with ESRD, with the middle tertile
associated with lowest risk of ESRD. After additional adjustment for glomerular filtration rate and
albuminuria, all associations with ESRD lost significance. Only urine MMP-7 was associated with
mortality, and this association remained robust in the fully adjusted model with a Hazard ratio of
3.59 (95% confidence interval 1.31 to 9.85) for highest vs. lowest tertile. Serum MMP-7 was not
associated with mortality and did not attenuate the association of urine MMP-7 with mortality (HR
4.03 for highest vs. lowest urine MMP-7 tertile).

Conclusions—Among people with type 2 diabetes and proteinuric DKD, urine MMP-7

concentration was strongly associated with subsequent mortality.
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1. Introduction

Diabetic kidney disease (DKD) affects 30-40% of people with type 2 diabetes 13 and is a
major predictor of long-term mortality in this population.* Development of new diagnostic
and therapeutic tools for DKD requires a more detailed understanding of the underlying
mechanisms.

Evidence from both animal models and human DKD implicates the renin-angiotensin-
aldosterone system (RAAS), bone morphogenetic protein (BMP) pathway and WNT
pathway in pathogenesis of DKD. Angiotensinogen is the sole substrate for renin, the rate-
limiting enzyme for activation of the RAAS pathway. Urine angiotensinogen concentration
is increased in experimental and human DKD and is highly correlated with renal RAAS
activity.>-8 BMP pathway activation counters TGF-B signaling, while BMP pathway
antagonists, such as gremlin-1, block this inhibition. As such, the observed suppression of
the BMP pathway activity in experimental and human DKD is thought to contribute to
pathogenesis of DKD.%-15 WNT pathway activity is increased in animal and human
DKD.16-21 Matrix metalloproteinase 7 (MMP-7) is the WNT pathway target gene most
highly induced in human DKD kidneys.1® Urine MMP-7 concentration correlates with renal
WNT pathway activity in animal models and is suppressed by WNT pathway antagonists. 21

We previously reported that urine angiotensinogen, gremlin-1 and MMP-7 were markedly
increased in people with type 1 diabetes who had DKD, compared to those without DKD.22
Furthermore, treatment with RAAS inhibitors reduced urine angiotensinogen, but not
MMP-7 or gremlin-1, in people with DKD.22 In this study, we examined whether the
increase in urine concentration of these proteins is associated with progression to end-stage
renal disease (ESRD) or mortality in people with type 2 diabetes and proteinuric DKD.

2. Subjects, Materials and Methods
2.1. The study population

We utilized samples from a prospective study of vascular calcification in patients with type 2
diabetes and DKD 23-25, recruited from two public hospitals in Los Angeles County,
California between 2004-2008. Type 2 diabetes was defined as diabetes diagnosed at > age
30 and treated with diet or oral hypoglycemic agents for > 6 months. DKD was defined as a
urine protein-to-creatinine ratio =0.5 g/g at enrollment or the preceding 12 months and =1 of
the following: (1) typical histologic changes on kidney biopsy, (2) diabetes duration =5
years and diabetic retinopathy or (3) diabetes duration > 10 years without diabetic
retinopathy. Patients with a kidney transplant or on dialysis were excluded. All participants
provided written informed consent. The study was approved by the Institutional Review
Board at Los Angeles Biomedical Research Institute. Links to participant identification were
destroyed after the last study contact (2011). Use of de-identified samples from this study
was approved as non-human-subjects research by the Human Subjects Division at the
University of Washington.
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2.2. Outcomes

The participants were re-evaluated 12 and 24 months after the baseline visit or within 3
months of the first dialysis treatment, whichever came first. Participants were followed until
the date of death, last study contact or the date of the link with National Death Index (NDI)
or the United States Renal Data System (USRDS), whichever was later. ESRD was defined
as maintenance dialysis or kidney transplantation. To ascertain progression to ESRD or
occurrence of death, study participants or next of kin were contacted every 6 months via
phone, letters or home visits. Dates of dialysis initiation and death were additionally
determined from links to USRDS (through 12/31/2008) and NDI (through 12/31/2007),
respectively.

2.3. Exposures

Fasting blood and urine samples were collected at the baseline study visit. Blood samples
were stored at room temperature for 30 minutes, then centrifuged for 10 minutes at 1,500x
g. Serum was aliquoted and stored at -80°C. Spot urine samples were aliquoted and stored at
-80°C. Angiotensinogen, gremlin-1 and MMP-7 were measured using commercial
immunoassays, as previously described.?2 Urine samples were either used directly for
immunoassays (MMP-7, angiotensinogen) or concentrated 5-fold (gremlin-1) using Amicon
10kDa ultrafiltration units (Millipore, Billerica, MA). Serum samples were used after being
thawed. Angiotensinogen was measured using a quantitative sandwich Enzyme-Linked-
Immunosorbent Assay (ELISA) (IBL-America, Minneapolis, MN), with a minimum
detection limit of 30 pg/mL, and intra- and inter-assay coefficients of variations (CV's) of 8
and 149%, respectively.22 Gremlin-1 was measured using a quantitative ELISA (Uscnk Life
Sciences, Wuhan, China), with a minimum detection limit of 60 pg/mL, and intra- and inter-
assay CV's of 13 and 20%.22 MMP-7 was measured using a quantitative ELISA (R & D
Systems, Minneapolis, MN), with a minimum detection limit of 20 pg/mL, and intra- and
inter-assay CV's of 5 and 9%.22

2.4. Covariates

Demographic data and past medical history were obtained from self-report and medical
records. Medication information was obtained by examination of pill bottles. Vital signs
were measured in duplicate and averaged, including blood pressure, which was measured
using an appropriate-sized cuff on the right arm after 5 minutes of rest. Body mass index
(BMI) was calculated by dividing weight (kg) by height (m) squared. Laboratory values
were measured in fasting blood and urine samples by the clinical laboratory at the Harbor-
UCLA Medical Center. Hemoglobin Alc was measured using HPLC (Toshio Medics, Inc,
F,ster City, CA). Serum creatinine was measured using the enzymatic reaction.2® Plasma
lipids were measured using conventional enzymatic methods, with LDL cholesterol
calculated using the Friedewald formula.2” Urine albumin was measured using
immunoturbidometric assays.28 Urine creatinine was measured using the modified Jaffe
reaction.2? Glomerular filtration rate (GFR) was estimated using the four-variable equation
from the Modification of Diet in Renal Disease (MDRD) study.3°
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2.5. Statistical analysis

Participants were considered at risk for mortality or ESRD from their baseline visit until the
first occurrence of the outcome or censoring due to loss to follow-up or the end of available
follow-up. Unadjusted incidence rates were calculated by dividing the number of events by
person-years of follow-up. The association between concentration of angiotensinogen,
gremlin-1 and MMP-7 and ESRD or mortality was assessed per tertile, as well as doubling,
of each protein's concentration, normalized to creatinine for urine proteins. Cox regression
was used to estimate the relative hazard of ESRD or mortality, adjusting for relevant
covariates. The first model included adjustment for demographic covariates; the second
model added smoking status, hemoglobin Alc, systolic blood pressure, LDL, and RAAS
inhibitor use. The full model added estimated GFR (eGFR) and log-transformed albumin-to-
creatinine ratio (ACR), and quadratic effects of each. The nominal significance was a two-
sided p-value of < 0.05. All analyses were conducted with R 3.0.2.31

3. Results

3.1. Baseline cohort characteristics

Primary analyses were conducted in a cohort of 141 participants (Table 1) with type 2
diabetes and DKD. The participants had a mean age of 57 years, were mostly Hispanic
(73%) and 55% male, with a mean (standard deviation, SD) diabetes duration of 14.7 (5.9)
years. There was a high prevalence of smoking (55%), obesity (mean BMI 31.9) and
cardiovascular disease (46%). Mean (SD) for hemoglobin Alc, LDL and HDL were 8.7%
(2.2%), 110 (43) and 42 (12) mg/dI, respectively. 87% were treated with anti-hypertensives,
including 76% with RAAS inhibitors, with mean (SD) systolic and diastolic blood pressures
of 156 (27) and 78 (13) mm Hg, respectively. Among participants on RAAS inhibitors, the
majority (84%) were either on angiotensin converting enzyme inhibitors (ACEI) or on a
combination of ACEI and angiotensin receptor blockers (ARBs), while 16% were on ARBs
only. Mean (SD) eGFR and ACR were 59 (23) mL/min/1.73 m? and 2.5 (2.2) g/g,
respectively. Serum MMP-7 was measured in a slightly larger group with available serum
samples (n=151). The serum and urine groups were similar in all available demographic and
clinical covariates (Supplementary Table 1). Of the 141 participants, only two (2) were
treated with vitamin D receptor agonists.

Subjects with higher urine MMP-7/creatinine concentrations included more females and
Hispanics, had longer diabetes duration, higher systolic blood pressure, LDL and statin use,
but lower rates of cardiovascular disease. Subjects in the highest and middle MMP-7 tertile
had the lowest and highest eGFR, respectively, while ACR increased with MMP-7 tertile.
Hemoglobin Alc was comparable in all tertiles (Table 1). Subjects with higher urine
angiotensinogen/creatinine concentrations included more females and Hispanics, had longer
diabetes duration, higher blood pressure, Alc and ACR, but less smoking, cardiovascular
disease and RAAS inhibitor and statin use (Supplementary Table 2). Participants with higher
urine gremlin-1/creatinine concentrations included more females and Hispanics, had longer
diabetes duration, higher systolic blood pressure, LDL and ACR and lower eGFR
(Supplementary Table 3).
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Urine MMP-7 and angiotensinogen correlated more strongly with albuminuria (r 0.52 and
0.45, respectively) than eGFR (r -0.13 and -0.09, respectively). Urine gremlin-1 correlated
moderately with both eGFR and albuminuria (r -0.43 and 0.48, respectively) (Figure 1).
Urine gremlin-1 and MMP-7 were also strongly correlated (r 0.62). Correlations between
other urine and serum proteins were weak to moderate (r 0.18 to 0.35, Figure 1).

3.2. Urine proteins and risks for ESRD and mortality

Of the 141 participants at risk, 38 developed ESRD, and 39 died, over a median (IQR)
follow-up of 3.0 (1.7-4.6) years for ESRD and 3.6 (2.4-5.5) years for mortality. Eleven of the
participants, who developed ESRD, subsequently died during the follow-up. In time-to-event
analyses (Table 2), urine gremlin-1/creatinine and MMP-7/creatinine were strongly
associated with ESRD in unadjusted models and after adjustment for demographic
parameters (model 1) and standard clinical parameters (model 2). However, the associations
lost significance after additional adjustment for baseline eGFR and ACR (model 3). Urine
angiotensinogen/creatinine had a U-shaped relationship with ESRD rates with the middle
tertile showing the lowest rate of ESRD. These associations also lost significance after
adjustment for eGFR and ACR. Accounting for the competing risk of death did not alter
these findings (Supplementary Table 4).

Among the quantified urine proteins, only MMP-7 was associated with mortality, in
unadjusted analyses, after adjustment for demographic and clinical covariates, as well as
further adjustment for eGFR and ACR (HR 3.59, 95% CI 1.31-9.58 for highest vs. lowest
tertile) (Table 3). Additional adjustment for diabetes duration, cardiovascular disease,
diagnosis of hypertension (in addition to adjustment for systolic blood pressure) and
diagnosis of dyslipidemia (in addition to adjustment for LDL) changed the hazard ratios
<5% and was therefore not included in the fully adjusted model (data not shown).

3.3. Urine and serum MMP-7 and risks for ESRD and mortality

Serum MMP-7 correlated moderately with eGFR and ACR (r -0.51 and 0.53, respectively),
as well as urine MMP-7/creatinine (r 0.46) (Figure 1). In time-to-event analyses (Table 3),
serum MMP-7 was significantly associated with ESRD in demographic and clinically
adjusted models (models 1 and 2). However, the association lost significance after additional
adjustment for eGFR and ACR (model 3). Serum MMP-7 was not associated with mortality
in unadjusted or adjusted analyses. Furthermore, adjustment for serum MMP-7 did not
attenuate the association between urine MMP-7 and mortality in the fully adjusted model
(HR 4.03, 95% CI 1.4-11.63 for highest vs. lowest urine MMP-7/creatinine tertile after
adjustment for demographic and clinical covariates, eGFR, ACR and serum MMP-7 tertile).

4. Discussion

In a predominantly Mexican-American cohort with type 2 diabetes, proteinuric DKD and
high rates of progression to ESRD and mortality, urine MMP-7 was associated with an
increased risk for mortality. This association remained robust to adjustment for standard
demographic and clinical covariates, eGFR and albuminuria, as well as adjustment for serum
MMP-7. Urine MMP-7 and gremlin-1 were strongly associated with risk of ESRD after
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adjustment for demographic and clinical covariates. However, these associations lost
significance after adjustment for eGFR and albuminuria.

Data from animal models strongly implicates the RAAS, BMP and WNT pathways,
specifically the pathway components angiotensinogen, gremlin-1 and MMP-7, in DKD
pathogenesis. However, there are limited previous data on association of urine
angiotensinogen, gremlin-1 and MMP-7 with DKD progression or mortality. Urine
angiotensinogen was associated with accelerated GFR loss over a two-year follow-up in a
longitudinal study of 49 patients with CKD, including a subset with DKD.® In another study
in 234 patients with type 2 diabetes, urine angiotensinogen correlated inversely with annual
GFR change over a 9-year follow-up.32 Association between urine angiotensinogen and
mortality has not been examined to-date. A high ratio of circulating TGFp to BMP-7
predicted subsequent renal outcomes in a case-control study nested within the ADVANCE
cohort.33 However, association of urine gremlin-1 with ESRD or mortality in DKD has not
been examined. During preparation of this manuscript, we noted a study reporting no
association between urine MMP-7 and progression to ESRD or death in 67 veterans with
type 2 diabetes and CKD.34

We observed an association between urine MMP-7 and all-cause mortality, which was robust
to adjustment for demographic and clinical covariates, including eGFR and albuminuria,
suggesting that the association was not confounded by, or mediated through, reduced GFR
or albuminuria. Serum MMP-7 may be associated with more than one cause of death. Higher
serum MMP-7 has been associated with worse outcomes in several malignancies.35-38 In
addition, MMP-7 is highly expressed in atheromatous plaques and aneurysmal vessels.39-41
Circulating MMP-7 is associated with adverse cardiovascular outcomes in people with
atherosclerosis,*2 presumably reflecting risk for greater plague rupture.*344 Given the heavy
burden of cardiovascular disease and mortality in DKD, we queried whether the observed
association between urine MMP-7 and mortality reflected a stronger association between
serum MMP-7 and cardiovascular mortality. However, we found no association between
serum MMP-7 and mortality. Furthermore, adjusting for serum MMP-7 did not attenuate the
association between urine MMP-7 and mortality, suggesting that this association was
independent of serum MMP-7 and may have a renal, rather than systemic, origin.

It is not clear why urine MMP-7 expression may be associated with mortality. MMP-7 can
cleave binding partners or protein segments of locally sequestered growth factors

(TNFa, %46 EGF,4” TGFB and IGF-148), releasing them from the membrane or extracellular
matrix. In addition, MMP-7 regulates apoptosis of several cell types, including vascular
smooth muscle cells 44 and interstitial fibroblasts.#® Thus, higher renal MMP-7 may
predispose to mortality by raising growth factor concentrations or influencing cell
proliferation systemically. Alternatively, a common underlying mechanism may cause both
earlier death and higher renal MMP-7 expression. For example, MMP-7 is highly induced by
the WNT pathway, whose increased activity is linked to higher mortality in people with
ESRD.%0 MMP-7 is also involved in maintenance of innate mucosal defense against bacteria
and is strongly induced by bacterial products.®! So another possibility is that a chronically
elevated bacterial burden may contribute to a rise both in renal MMP-7 and risk of mortality.
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Identifying the involved pathways would require comprehensive evaluation of each pathway
by quantifying concentration of additional protein components.

Our observation of a robust association between urine MMP-7 and mortality contrasts with a
recent study not finding evidence for such an association 34. This discrepancy may be due to
the higher power in this study due to our higher event rates (39 vs. 16) and use of time-to-
event (vs. logistic) analysis, or the differences in study populations (e.g. race, DKD stage).
Furthermore, our study population displayed high rates of progression to ESRD and death,
likely due to their high-risk clinical profile at the study baseline. As such, the findings in this
study may apply most closely to the subset of patients with DKD who resemble this cohort.
Nonetheless, the difference between our findings and the recent reports on association
between urine MMP-7 and mortality highlights the need for replication of our findings in
other populations.

The association between urine gremlin-1 and MMP-7 with ESRD lost significance after
adjustment for eGFR and albuminuria. There are several possible explanations for this
finding. First, this study may lack adequate power to detect an association. Secondly, the
observed association between urine MMP-7 or gremlin-1 and ESRD may be due to
confounding by their association with baseline eGFR or albuminuria. Alternatively,
inhibition of the BMP pathway (via increased gremlin-1) and/or activation of the WNT
pathway (leading to increased urine MMP-7) may predispose to ESRD by reducing GFR or
increasing albuminuria. Interestingly, participants with higher urine gremlin-1 had a lower
eGFR (Figure 1), raising the possibility that higher gremlin-1 levels may contribute to
reduced GFR, for example by inhibiting the BMP pathway, as supported by preexisting data
in animal models. Reduced eGFR predisposes to ESRD. Therefore, adjusting for reduced
eGFR (intermediate variable) would eliminate the association between gremlin-1 and ESRD.
If so, association between urine gremlin-1 and DKD progression could only be examined in
a cohort with normal eGFR at baseline.

We did not find an association between urine angiotensinogen and progression to ESRD,
which appears to contrast with prior reports.>32 There are several possible explanations for
this discrepancy. One reason may be the difference between the studied outcomes (GFR loss
vs. ESRD). Another explanation may be that there are differences in study populations. For
example, one published study was conducted in a largely non-DKD population, and adjusted
for binary forms of eGFR and proteinuria,® while we adjusted for continuous eGFR and
ACR, in simple and quadratic forms. Another previous study in subjects with diabetes only
described correlations, unadjusted for eGFR or albuminuria.32 Moreover, a minority of the
participants in these studies were treated with RAAS inhibitors, while the majority (76%) of
participants in our study were using RAAS inhibitors. RAAS inhibitors reduce urine
angiotensinogen °52-54 and therefore may modify the association between urine
angiotensinogen and DKD progression. The high prevalence of RAAS inhibitor use in our
cohort may also explain the U-shaped relation between urine angiotensinogen and risk of
ESRD as subjects in the lowest tertile of urine angiotensinogen concentration had highest
prevalence of RAAS inhibitor use (83% vs. 72%, Supplementary Table 2).
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The strengths of this study are use of a clinically relevant population, composed of an ethnic
background with high prevalence of DKD and high rates of ESRD and mortality, reliance on
hard clinical outcomes of ESRD and mortality and careful adjustment of covariates. The
limitations are the modest cohort size, absence of information on adjudicated causes of
death, and lack of information on diet and measures of insulin resistance. Furthermore, the
individual proteins quantified in this study can participate in multiple pathways. Thus,
definite identification of the involved pathways requires future work including a
comprehensive assessment of each pathway by quantifying multiple pathway protein
components.

In summary, in a largely Mexican-American cohort with type 2 diabetes and proteinuric
DKD, urine MMP-7 was associated with mortality after adjustment for demographic and
clinical covariates and serum MMP-7, suggesting a possible link between renal WNT
pathway activity and mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Correlation between estimated GFR, ACR and creatinine-adjusted urine angiotensinogen,

MMP-7, gremlin-1 and serum MMP-7.

J Diabetes Complications. Author manuscript; available in PMC 2017 April 12.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Afkarian et al.

Table 1

Participant characteristics by tertiles of urine MMP-7/creatinine

Page 13

Participant characteristic All Low (< 10.2 ug/g) Medium (10.2 < and High (> 32 pg/g)
<32 uglg)

Number 141 47 a7 47
Age (years) 57 (8) 57 (7) 57 (8) 57 (8)
Female 63 (45) 17 (36) 22 (47) 24 (51)
Race/ethnicity

Caucasian 21 (15) 9 (19) 7 (15) 5(11)

African-American 12 (9) 8 (17) 2(4) 2(4)

Hispanic 103 (73) 26 (55) 38 (81) 39 (83)

Other 5 (4) 4(9) 0(0) 1(2)
Smoking

Current 21 (15) 7(15) 8 (17) 6 (13)

Past 57 (40) 19 (40) 18 (38) 20 (43)
Diabetes duration (years) 14.7 (5.9) 13.9 (4.8) 14.2 (6) 15.9 (6.5)
Prevalent cardiovascular disease 65 (46) 24 (51) 23 (49) 18 (38)
Body mass index (kg/m?) 31.9(8.7) 33.5(9.5) 31.8(8.8) 30.5(7.8)
Use of any anti-hypertensives 123 (87) 44 (94) 39 (83) 40 (85)
Use of RAAS inhibitors (73% on ACEI; 11% on ACEI 107 (76) 38 (81) 33 (70) 36 (77)
+ARB; 16% on ARB)
Use of HMG-CoA reductase inhibitors 89 (63) 27 (57) 28 (60) 34 (72)
Systolic blood pressure (mmHg) 156 (27) 148 (26) 160 (25) 160 (29)
Diastolic blood pressure (mmHg) 78 (13) 78 (15) 79 (12) 76 (11)
Hemoglobin Alc (%) 8.7 (2.2) 8.6 (2.3) 8.9 (2.1) 8.6 (2.3)
LDL (mg/dL) 110 (43) 104 (41) 112 (34) 116 (52)
HDL (mg/dL) 42 (12) 43 (13) 41 (11) 43 (12)
eGFR (mL/min/1.73 m2), mean 59 (23) 60 (25) 65 (22) 51 (22)
eGFR (mL/min/1.73 m2), median 55 (41-75) 54 (41-78) 65 (47-78) 45 (34-64)
ACR (g/g), mean 25(22) 1(0.9) 2.3(13) 41(2.7)
ACR (g/g), median 1.9 (0.8-3.9) 0.7 (0.4-1.1) 2.1(1.4-32) 4.1 (2.1-5.5)
Urine Angiotensinogen/Cr (pg/g), median 200 (6-1145) 41 (2-171) 213 (36-975) 1568 (204-3322)
Urine Gremlin-1/Cr (ug/g), median 6 (2-39) 2 (1-6) 6 (2-20) 92 (6-186)
Urine MMP-7/Cr (ug/g), median 19 (8-42) 7 (5-8) 19 (14-24) 60 (42-101)

Data is displayed as mean (standard deviation, SD) for continuous covariates, number (percent) for categorical covariates and median (interquartile
range, IQR) where noted. RAAS: renin angiotensin saldosterone ystem; ACEI: angiotensin converting enzyme inhibitors; ARB: angiotensin
receptor blockers; ACR: albumin to creatinine ratio; eGFR: estimated glomerular filtration rate.
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