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Circulating Protein and Metabolite Correlates of
Histologically Confirmed Diabetic Kidney Disease
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Rationale & Objective: Diabetic kidney disease
(DKD) is one of the leading causes of end-stage
kidney disease globally. We aim to identify
proteomic and metabolomic correlates of
histologically confirmed DKD that may improve
our understanding of its pathophysiology.

Study Design: A cross-sectional study.

Setting & Participants: A total of 434 Boston
Kidney Biopsy Cohort participants.

Predictors: Histopathological diagnosis of DKD on
biopsy.

Outcomes: Proteins and metabolites associated
with DKD.

Analytical Approach: We performed linear
regression to identify circulating proteins and me-
tabolites associated with a histopathological diag-
nosis of DKD (n=81) compared with normal or
thin basement membrane (n = 27), and other kid-
ney diseases without diabetes (n = 279). Pathway
enrichment analysis was used to explore biological
pathways enriched in DKD. Identified proteins

were assessed for their discriminative ability in
cases of DKD versus a distinct set of 48 patients
with diabetes but other kidney diseases.

Results: After adjusting for age, sex, estimated
glomerular filtration, and albuminuria levels, there
were 8 proteins and 1 metabolite that differed
between DKD and normal/thin basement mem-
brane, and 84 proteins and 11 metabolites that
differed between DKD and other kidney diseases
without diabetes. Five proteins were significant in
both comparisons: C-type mannose receptor 2,
plexin-A1, plexin-D1, renin, and transmembrane
glycoprotein NMB. The addition of these proteins
improved discrimination over clinical variables
alone of a histopathological diagnosis of DKD on
biopsy among patients with diabetes (change in
area under the curve 0.126; P =0.008).

Limitations: A cross-sectional approach and lack
of an external validation cohort.

Conclusions: Distinct proteins and biological
pathways are correlated with a histopathological
diagnosis of DKD.
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Diabetic kidney disease (DKD) is one of the leading
causes of end-stage kidney disease globally.' Associ-
ated with a combination of metabolic and hemodynamic
derangements, DKD is typically treated by promoting tight
glycemic control, inhibiting the renin-angiotensin-
aldosterone system (RAAS), and, more recently, through
the use of sodium-glucose cotransporter 2 inhibitors.
Despite these interventions, DKD continues to be a leading
source of morbidity and mortality. Omics approaches may
improve our understanding of the pathophysiology of the
condition, identify targets in causal pathways, and ulti-
mately guide future treatment strategies.

Proteomic and metabolomic profiling technologies have
evolved to now quantify thousands of molecules in a small
amount of blood, providing a comprehensive view into
metabolic alterations associated with disease. Previous studies
identified several serum biomarkers for prognosis and risk
stratification among patients with diabetes and kidney dis-
ease.” " However, few of these studies used histologically
confirmed cases of DKD, instead relying on the presence of
albuminuria or decreased estimated glomerular filtration rate
(eGFR), which are imperfect markers of DKD.” Integrating
biopsy data along with omics approaches may allow for
more specific investigation of disease pathology.

In this study, we conducted a multiomics analysis to
investigate biological pathways associated with DKD using
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histologically confirmed cases from the Boston Kidney
Biopsy Cohort (BKBC). To do this, we performed prote-
omic and metabolomic profiling on plasma samples
collected at the time of biopsy and then evaluated the as-
sociation between circulating proteins and metabolites
with the presence or absence of DKD on biopsy, inde-
pendent of kidney function. We next performed gene set
enrichment analysis to identify the underlying dysregu-
lated biological pathways. Finally, we tested whether
adding circulating biomarkers to a clinical model improved
discrimination of a histopathological diagnosis of DKD
among patients with a history of diabetes.

METHODS

Study Population

The BKBC is a prospective cohort study of 676 adult patients
(>18 years old) who underwent a native kidney biopsy
between September 2006 and June 2016 at 3 tertiary care
hospitals in Boston, Massachusetts. Study protocol and
design have been previously described in detail.” Blood and
urine samples were provided on the day of the biopsy.
Inability to provide consent, enrollment in competing
studies, severe anemia, and pregnancy excluded individuals
from participation. Our study population consisted of 434
participants with proteomic data available. All individuals
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PLAIN-LANGUAGE SUMMARY
In the following study, we aimed to identify proteins,
metabolites, and biological pathways that are associated
with a diagnosis of diabetic kidney disease on biopsy.
After adjusting for demographic characteristics and
baseline renal function, we identified 5 proteins that
were significantly associated with diabetic kidney dis-
ease, both in comparison to individuals without kidney
disease and those with nondiabetic kidney disease: C-
type mannose receptor 2, plexin-Al, plexin-D1, renin,
and transmembrane glycoprotein NMB. We also found
that these proteins may enhance our ability to distin-
guish between diabetic kidney disease and other causes
of kidney disease in a group of patients with diabetes.

provided consent, and the study protocol was approved by
the partners human research committee (the Brigham and
Women's hospital institutional review board).

Covariates

Participants’ information, including demographics, medi-
cal history, medication lists, and relevant laboratory data,
was collected during the biopsy visit. To calculate eGFR,
the creatinine-based chronic kidney disease epidemiology
collaboration 2021 equation was utilized.® Serum creati-
nine values were obtained from the electronic medical
record on the biopsy day. If not available, blood samples
collected on the biopsy day were used to measure serum
creatinine. Spot urine protein-to-creatinine ratio or urine
albumin-to-creatinine ratio (ACR) from the date of kidney
biopsy up to 3 months before biopsy were retrieved from
the electronic medical record. For participants without
these values, the urine albumin-to-creatinine ratio was
measured from urine collected on the biopsy day. Serum
and urine creatinine were measured using a Jaffe-based
method, whereas urine albumin was measured using an
immunoturbidometric method.

Evaluation of Histopathology

The evaluation of histopathology in BKBC has been previ-
ously described in detail.” Briefly, kidney biopsies were
examined under light microscopy by 2 kidney pathologists
who assigned histopathological scores. During joint pa-
thology review sessions, cases would be discussed to reach a
consensus if there was initial disagreement. Scoring criteria
for histopathological lesions were based on the proposal by
Sethi et al.” Patients’ charts were reviewed alongside the
final histopathological diagnosis to identify primary and
secondary clinicopathologic diagnoses. Our primary expo-
sure of interest was a histopathological diagnosis of DKD.

Proteomic and Metabolomic Profiling
Participants’ blood samples were collected on the day of
the biopsy, aliquoted, and stored at =80 °C. A slow off-rate

modified aptamer-based capture array was used to quantify
the relative concentrations of 6,592 plasma proteins or
protein complexes in 434 participants. Briefly, 250 uL of
plasma stored at —80 °C was sent to Somalogic (Boulder,
CO) for identification and quantification of plasma pro-
teins using SomaScan, which utilizes chemically modified
oligonucleotides as binding agents for proteins and protein
complexes. Plasma samples were analyzed in 2023 using
the V4.1 SomaScan platform. The mean coefficient of
variation on 12 quality control samples was 4.2%, and in 8
blind duplicate pairs it was 4.7%. Metabolite profiling was
performed on 444 participants (418 overlapping with
those included in the proteomic measures) with untar-
geted mass spectrometry per standard protocols at
Metabolon, Inc in the HD4 Platform. For inclusion in
analyses, endogenous metabolites had to be present in at
least 80% of participants. The mean coefficient of variation
on 11 quality control samples was 17%, and in 9 blind
duplicate pairs it was 15%. Protein and metabolite mea-
surements were reported in relative fluorescence units
before log2 transformation due to skewed distributions.
Metabolites were scaled to the median value before log2
transformation. For both proteins and metabolites, values
beyond 5 standard deviations on the log2 scale were
winsorized.

Statistical Analyses

Covariates were summarized using frequency and per-
centage, mean and standard deviation, or median and
interquartile range if not normally distributed. In the first
part of the study, our main comparator groups were
individuals with a diagnosis of normal or thin basement
membrane (TBM) (grouped to form our healthy kidney
set) and individuals without diabetes but with other
kidney diseases (patients with a histopathological diag-
nosis other than normal, TBM, or DKD). Linear regres-
sion was used to evaluate the association of each protein
or metabolite with a diagnosis of healthy kidney versus
DKD, and other kidney diseases versus DKD. Models
were adjusted for age, sex, eGFR, and log-transformed
ACR. A prespecified o level of 7.59 x 10°° set by Bon-
ferroni correction (0.05/6,592 proteins) was used to
determine statistical significance in linear regression
analyses of proteins, with a corresponding value of
4.72 %10 (P<0.05/1,060 metabolites) in metab-
olomic analyses. B coefficients from linear regressions
were interpreted as a relative measure of protein/
metabolite level (ie, positive B values signify higher
levels of a protein or metabolite in normal/TBM or other
kidney disease vs DKD, and vice versa). Proteins that
significantly different between DKD and both compari-
son groups were selected for evaluation in the second
part of the study, which used a new comparison group,
patients with diabetes but other kidney diseases. We
then compared the area under the curve (AUC) of a lo-
gistic regression model incorporating age, sex, eGFR, and
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log-transformed ACR, with one additionally incorporating
identified proteins, for discrimination of DKD versus other
histopathological diagnoses among patients with diabetes.
Fig 1 summarizes our study design.

Pathway Enrichment Analysis

Gene ontology, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG), and Reactome pathway enrichment an-
alyses were used to further characterize sets of biological
processes (ie, pathways) related to analyzed proteins.
Gene ontology is a computational analysis tool designed
to represent functional knowledge of genes and gene
products. It encompasses 3 key aspects of gene annota-
tions, namely molecular function, cellular component, and
biological process.'’ The KEGG encodes current knowl-
edge on cellular processes and standardizes gene annota-
tions, linking genomic information with higher-order
functional information.'' Reactome is an open-source
database that organizes entities involved in reactions into
a network of biological interactions and categorizes them
into pathways.'” The normalized enrichment score was
used as an index for relative expression of a pathway.'’
The core genes accounting for a pathway’s enrichment
score were identified in the leading edge subset analysis.'’
The significance level was set at 0.05 after the Benjamin-
Hochberg adjustment for the false discovery rate in our
study.

RESULTS

Baseline Characteristics

There were 434 BKBC patients with available proteomic
profiling included in the study. The mean age was 54
years; 48% of participants were women, and 9% identified
as Hispanic. The mean eGFR was 51 mL/min/1.73m?, and
median baseline ACR was 1,011 mg/g. Most patients had a
history of hypertension (59%), and 29% had a history of
diabetes (type 2 diabetes mellitus [24%], and type 1 dia-
betes mellitus [5%]). A total of 81 patients had evidence of
DKD on histopathology. Our first comparator group con-
sisted of 26 patients with healthy kidneys: 11 individuals
with normal biopsy samples and 15 individuals with TBM.
Our second comparator group consisted of 279 individuals
with no history of diabetes and with a histopathological
diagnosis other than normal, TBM, or DKD (other kidney
diseases). Our last subgroup consisted of 48 patients with a
history of diabetes and a histopathological diagnosis
other than DKD (Table 1). The indications for biopsy
and the grading of histopathological lesions for each of
these groups are presented in Table S1 and Table S2,
respectively.

Proteins and Metabolites Associated With DKD

A total of 6,592 proteins and 1,060 metabolites were
included in the analysis. After adjusting for demographic
characteristics (age and sex), eGFR, and urine ACR levels,

434 BKBC
Participants

26 Healthyon
Kidney Biopsy

81 Diabetic Kidney
Disease

279 Other Kidney
Diseases + no DM

8 proteins and
1 metabolite

Pathway Enrichment
Analysis

biomarkers in common

84 proteins and

11 metabolites

C-type mannose receptor 2
Plexin-A1

48 Other Kidney
Diseases + DM

81 Diabetic Kidney
Disease

Could these biomarkers aid in the classification of non-

Plexin-D1
Renin
Transmembrane glycoprotein NMB

DKD kidney disease among patients with diabetes?

Figure 1. Summary of the study design. The study population of 434 Boston Kidney Biopsy Cohort participants were divided into 4
groups: 26 patients with normal/thin basement membrane (TBM) on kidney biopsy (healthy kidneys), 81 patients with diabetic kidney
disease (DKD), 279 patients with other kidney pathologies on biopsy and no medical history of diabetes, and 48 patients with other
kidney pathologies on biopsy and a medical history of diabetes. The latter 48 patients were set aside during the first analyses, in
which linear regressions were used to identify proteins and metabolites associated with normal/TBM and other kidney diseases/
no diabetes versus DKD (single reference; 3 category variable). P values from normal/TBM versus DKD were used for pathway
enrichment analysis. A subset of 5 proteins that had significant associations in both regressions were identified. Logistic regression
was then used to evaluate if these 5 proteins could improve of prediction of DKD versus non-DKD kidney pathologies among 129
patients with diabetes (81 of the original patients with DKD and 48 of the set aside patients with other kidney pathologies and a
medical history of diabetes).
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Table 1. Baseline Characteristics of the Boston Kidney Biopsy Cohort

Other Kidney

Other Kidney

Characteristic Overall DKD Normal or TBM Disease (No DM) Disease (DM)?
N 434 81 26 279 48

Age, y 54.4 (16.2) 58.7 (14.3) 39.3 (12.8) 53.6 (16.4) 60.0 (13.8)
Women 206 (47.5%) 42 (51.9%) 19 (73.1%) 124 (44.4%) 21 (43.8%)
Hispanic 40 (9.3%) 1 (13.8%) 6 (23.1%) 7 (6.1%) 6 (12.5%)
Serum creatinine, mg/dL 2 (1.9 4 (1.6) 0.9 (0.5) 2 (2.0) 7 (1.9)
eGFR, mL/min/1.73 m? 50.9 (33.2) 37.8 (23.6) 98.1 (27.1) 52.4 (32.7) 38.2 (27.4)
ACR, mg/g 1,018.3 (224.2-3,012.0) 3,122.6 (1,017.1-4,755.1) 74.7 (5.0-315.1) 926.9 (196.0-2,529.6) 973.6 (183.9-3,891.5)
Hypertension 256 (59.0%) 68 (84.0%) 5 (19.2%) 145 (52.0%) 38 (79.2%)
DM type 1 1 (4.8%) 6 (19.8%) 0 (0.0%) 0 (0.0%) 5 (10.4%)

DM type 2 105 (24.2%) 2 (76.5%) 0 (0.0%) 0 (0.0%) 43 (89.6%)
CKD 157 (36.2%) 9 (60.5%) 2 (7.7%) 85 (30.5%) 21 (43.8%)
Use of ACE inhibitor 132 (30.4%) 2 (39.5%) 2 (7.7%) 81 (29.0%) 7 (35.4%)
Use of ARB 70 (16.1%) 0 (24.7%) 1 (3.8%) 37 (13.3%) 2 (25.0%)
Use of MRA 1 (2.5%) ( 7.4%) 0 (0.0%) 3 (1.1%) 2 (4.2%)

Use of corticosteroids 68 (15.7%) 6 (7.4%) 5 (19.2%) 49 (17.6%) 8 (16.7%)

Use of CCB 120 (27.6%) 42 (51.9%) 0 (0.0%) 60 (21.5%) 18 (37.5%)
Use of B blocker 156 (35.9%) 45 (55.6%) 2 (7.7%) 84 (30.1%) 25 (52.1%)

Note: Data are presented as mean (standard deviation), frequency (%), and median (interquartile range).
Abbreviations: DKD, diabetic kidney disease; TMB, thin basement membrane; DM, diabetes mellitus; GFR, glomerular filtration rate; ACR, albumin-to-creatinine ratio; CKD, chronic kidney disease; ACE, angiotensin converting

enzyme; ARB, angiotensin-receptor blocker; MRA, mineralocorticoid receptor antagonist; CCB, calcium channel blocker.

2Evaluated in the second part of the analysis only.
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there were 8 unique proteins (identified by 10 SomaScan
aptamers) and one metabolite that were significantly
associated (P < 7.59 x 10°° for proteins and P < 4.72 x 10~
for metabolites) with a histopathological diagnosis of DKD,
when compared with individuals with healthy kidneys
(normal/TBM). These included semaphorin-5A, C-type
mannose receptor 2, plexin-Al, plexin-DI1, angiotensi-
nogen, renin, transmembrane glycoprotein NMB, and
trem-like transcript 1 protein. If multiple aptamers of the
same protein were identified, the aptamer with the lowest
P value was presented and used in subsequent analyses
(Fig 2; Tables S3 and S4).

After adjusting for the same covariates, we identified 84
unique proteins (identified by 94 SomaScan aptamers) and
11 metabolites that were significantly associated
(P<7.59 x10° for proteins and P<4.72 x 10~ for
metabolites) with DKD, when compared with individuals
without diabetes and with other kidney diseases on his-
topathology. A total of 5 proteins were significant in both
sets of analyses: renin, plexin-Al (PLXAl), plexin-D1
(PLXD1), transmembrane glycoprotein NMB: extracel-
lular domain (GPNMB:ECD), and C-type mannose receptor

A
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64 SEMSA, *pLxD1 TRML1:ECD
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o Protein Level
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beta
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T

« Higher in Other KD vs. DKD
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2, all of which had higher levels in DKD compared to both
the normal/TBM and the other kidney diseases + no dia-
betes subgroups (Table 2 and Fig 3).

Pathway Enrichment Analysis

Enrichment analysis performed using the associations
between circulating proteins and the presence of DKD (vs
normal/TBM) revealed 6 pathways that were differen-
tially expressed among patients with DKD, compared
with those with healthy kidneys. These included path-
ways on collagen-containing extracellular matrix, axon
guidance nervous system development, cell-substrate
junction, and focal adhesion (Fig 4). In leading edge
analyses, where we identified the core genes accounting
for a pathway’s enrichment score, several of the 8 pro-
teins identified in the normal/TBM versus DKD analyses
were found to play an important role in upregulated
biological pathways, including angiotensinogen in the
collagen-containing  extracellular matrix  pathway,
semaphorin-5A and plexin-Al in axonal guidance, and C-
type mannose receptor 2 in cell-substrate junction and
focal adhesion.

B
104
mannose
[N Metabolite Level
S 1.5-anhydroglucitol X
- . * Lower in Other KD vs. DKD
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5 4 (s)-3-hydroxybutyrylcarnitine '1-9

* /hydroxypalmitoy
fructosyllysine —choline
0
=1 0 1 2
beta
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44
T 9 A
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T 5
14
04
=1 0 1 2 3
beta

Figure 2. Volcano plots of identified molecules, after adjusting for demographics, baseline estimated glomerular filtration, and base-
line urine albumin-to-creatinine ratio. (A) Proteins associated with normal/thin basement membrane (TBM) versus diabetic kidney dis-
ease (DKD). (B) Metabolites associated with normal/TBM versus DKD. (C) Proteins associated with other kidney disease (among
patients without diabetes) versus DKD. Some proteins not labeled in this plot for legibility. See Table S3 for full list of identified pro-
teins. (D) Metabolites associated with other kidney disease (among patients without diabetes) versus DKD. The horizontal dotted

lines mark the Bonferroni-corrected threshold of significance.
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Table 2. Biomarkers Identified in Linear Regressions of Normal/TBM Versus DKD (reference) and Other Kidney Disease (no
diabetes) Versus DKD (reference), adjusted for demographic characteristics (age, sex), baseline eGFR, and urine ACR

P Value: P Value: Other

B (95% CI): Normal/ Normal/TBM B (95% CI): Other KD KD (no DM) vs
Protein Symbol TBM vs DKD vs DKD (no DM) vs DKD DKD
Renin Renin -1.47 (-1.96 to -0.97) 6.93E-09 -0.80 (-1.06 to -0.55) 3.77E-10
Plexin-A1 PLXA1 -0.64 (-0.87 to -0.41) 5.46E-08 -0.52 (-0.64 to -0.40) 4.52E-18
Plexin-D1 PLXD1 -0.40 (-0.56 to —0.24) 9.43E-07 -0.32 (-0.40 to —0.24) 2.14E-14
Transmembrane GPNMB:ECD -0.47 (-0.65 to -0.28) 9.95E-07 -0.43 (-0.53 t0 -0.34) 2.94E-19
glycoprotein NMB:
extracellular domain
C-type mannose MRC2 -0.49 (-0.69 to —0.29) 2.25E-06 -0.48 (-0.58 to -0.38) 3.15E-20

receptor 2

Note: B coefficients from linear regressions were interpreted as a relative measure of protein/metabolite level (ie, negative B values signify lower levels of a protein or
metabolite in normal/TBM or other kidney disease vs DKD).

Abbreviations: DM, diabetes mellitus; DKD, diabetic kidney disease; eGFR, estimated glomerular filtration rate; KD, kidney disease; TBM, thin basement membrane.

Use of Circulating Molecules to Predict the NMB), the AUC increased to 0.789 (change in AUC 0.126,
Presence of DKD P=0.008) (Fig 5). At a histopathological level, the specific
Finally, we aimed to determine whether the identified lesions that were most strongly associated with DKD versus
circulating proteins could aid in prediction of DKD versus ~©Other kidney diseases among patients with diabetes,
non-DKD kidney pathologies among patients with dia- included tubular atrophy/interstitial fibrosis, arterial scle-
betes. We built a logistic regression model to predict the ~Tosis, arteriolar hyalinosis/sclerosis, mesangial matrix
presence of DKD versus all other histopathological di- €xpansion, and mesangial hypercellularity (Table S5).
agnoses, using clinical characteristics alone. For these an-

alyses, we used the 81 individuals with DKD and the 48 DISCUSSION

as-yet unanalyzed individuals with a history of diabetes In this study, we identified a set of 5 circulating proteins
and non-DKD diagnoses on histopathology. Among these that were associated with biopsy-confirmed cases of DKD
129 patients, the AUC of a model using demographic when compared with individuals with healthy kidneys and
characteristics, eGFR, and ACR to distinguish DKD versus those with non-DKD kidney diseases. Pathway enrichment
other kidney disease without DKD was 0.663. After addition analysis identified putative pathways that were differen-
of the 5 proteins of interest (C-type mannose receptor 2, tially expressed in DKD. Our results support the notion that
plexin-Al, plexin-D1, renin, and transmembrane glycoprotein  biological processes in collagen and extracellular matrix

C-type mannose receptor 2 Plexin-A1 Plexin-D1

Protein level
N
-

-
—
—
Protein level
S
—
—
==
Protein level
S
@
==
—
—
——

DKD Normal or TBM  Other KD - NoDM  Other KD - DM DKD Normal or TBM  Other KD - No DM Other KD - DM DKD Normal or TBM  Other KD - NoDM  Other KD - DM
Seqld_3041_55 Seqld_9005_16 Seqld_19561_216

D Renin E T glycoprotein M domain

Protein level
=
——
——
—
Protein level
3
—
==

DKD Normal or TBM  Other KD -No DM Other KD - DM DKD Normal or TBM ~ Other KD - No DM Other KD - DM
Seqld_3396_54 Seqld_8289_8

Figure 3. Protein levels (reported as relative fluoresence units) of C-type mannose receptor 2, plexin-A1, plexin-D1, renin, and trans-
membrane glycoprotein NMB in each of our 4 study subgroups: DKD, normal/thin basement membrane, other kidney disease + no
history of diabetes mellitus, and other kidney disease + history of diabetes mellitus.
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Figure 4. Pathway enrichment analysis for diabetic kidney disease. Biological pathways associated with diabetic kidney disease

versus +normal/TBM. NES, normalized enrichment score.

structure and function play an important role in the
pathophysiology of DKD. In addition, we found that in-
clusion of specific circulating proteins resulted in a sig-
nificant improvement in the classification of DKD versus
non-DKD kidney pathologies among patients with dia-
betes. With validation, these findings may help determine
which patients with diabetes and kidney disease may
benefit from kidney biopsy, such as those who are likely to
have a nondiabetic cause of disease, or potentially inform
strategies of treatment.

Our study builds upon previous work, which identified
changes in collagen expression and extracellular matrix
structure early in the development of DKD.'™'” In our
study, semaphorin-5A, plexin-Al, and C-type mannose
receptor 2, emerged as key proteins in biological pathways
involved in axonal guidance, cell-substrate junction, and
focal adhesion. Sempahorin-5A is a member of the Sem-
aphorin family and is known to play an important role in

Kidney Med Vol 6 | Iss 12 | December 2024 | 100920

neural and cardiac development, axonal guidance, and
angiogenesis.'® Semaphorin 5 and other Semaphorin
family members have been identified in transcriptomic
analyses of DKD, and their gene expression has been found
to be dysregulated in later stages of the disease in animal
models.'”"'® In addition, plexin-Al is a known coreceptor
of the semaphorin family of proteins, and it is necessary
for signaling of class 3 semaphorins and subsequent
cytoskeleton remodeling, axonal guidance, and cell
migration.'” Notably, perturbations in the Semaphorin
class 3 proteins or their receptors (including plexin-Al)
have been associated with severe obesity, thought to
occur due to perturbations in the hypothalamic melano-
cortin circuits involved in energy homeostasis.”” Finally,
the link between diabetic nephropathy and C-type
mannose receptor 2, which plays a role in extracellular
matrix remodeling and collagen degradation, needs further
elucidation. Although some studies have found that C-type
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Figure 5. Area under the curve for a clinical model (adjusting for age, sex, baseline estimated glomerular filtration, and urine albumin-
to-creatinine ratio), and a biomarker model (clinical model + renin, PLXA1, PLXD1, GPNMB:ECD, and MRC2) for discrimination of
diabetic kidney disease versus nondiabetic kidney diseases, among patients with diabetes.

mannose receptor 2 promotes cell proliferation and in-
hibits apoptosis in DKD,”" others have found that higher
levels of circulating C-type mannose receptor 2 are asso-
ciated with a lower risk of incident type 2 diabetes.””
Taken together, our findings support the role of extracel-
lular matrix gene expression in DKD while also identifying
novel targets in these pathways.

Other key proteins identified in our study were renin,
plexin-D1, and transmembrane glycoprotein NMB, all of
which, alongside plexin-Al and C-type mannose receptor
2, were associated with DKD, when compared with both
normal/TBM and other kidney diseases. Renin has well
described roles in the renin-angiotensin-aldosterone axis,
which was implicated in the pathogenesis of DKD as early
as the 1980s, where an outsized increase in efferent
compared with afferent arteriolar constriction led to
increased glomerular pressure and development of lesions
similar to DKD in streptozotocin-treated rats.”” *° More
recent studies have found that plasma renin activity tends
to be low in diabetes, despite increased intrarenal RAAS
activation and the nephroprotective effects of RAAS-
inhibitors in DKD.”® We note that our findings reflect
renin levels, not activity, and the 2 are not perfectly
correlated.”” Plexin-D1, in addition to belonging to the
plexin family of Semaphorin receptors which we discussed
previously, has been described as an important mechano-
sensory receptor in endothelial cells, influencing the
development of atherosclerotic lesions through its
response to blood flow.”® Taken together with our find-
ings, this suggests plexin-D1 may either mediate or serve
as a biomarker of the microvascular complications of
diabetes, including DKD. Finally, glycoprotein NMB, a
melanosome-associated glycoprotein, is widely expressed
in a variety of tissues, with known functions in cell
adhesion,”® extracellular matrix remodeling,30 bone

differentiation,”' and invasion of cancers.’” Recent studies
have identified a link between liver-secreted glycoprotein
NMB and the development of insulin resistance and lipo-
genesis.”” The protein has also been recently associated
with renal decline and cataract formation in diabetes.’**”
From a metabolite perspective, some of the strongest as-
sociations were observed for glucose and mannose, which
were higher in DKD when compared with our other kid-
ney pathologies +no diabetes subgroup. Although not a
surprising finding, it provides a measure of face validity to
our approach.

Our study has some notable strengths. By using biopsy
specimens to identify patients with DKD, we were able to
more directly study associations of specific biomarkers and
molecular pathways with disease pathology, instead of
relying on less-accurate markers such as the presence of
albuminuria.”*® This approach also allowed us to distin-
guish patients with a histopathological diagnosis of DKD
versus other causes of kidney disease among individuals
with diabetes. In addition, a large-scale omics approach
provided a panel of over 6,000 proteins to explore per-
turbations of many biological processes. Limitations were
also present. SomaScan, the aptamer-based technology we
used to quantify proteins, can have inconsistent correlations
with more validated immunoassays,”® warranting additional
validation of our findings in enzyme-linked immunosorbent
assay studies. Similarly, our results reflect a single cohort.
We lacked a control group with diabetes and without kid-
ney disease. And, although our study provides robust evi-
dence for associations of specific circulating proteins and
pathways with DKD, our approach was cross-sectional and
cannot support inferences of causality nor assessment of
temporality. This is especially relevant when studying DKD,
an entity in which pathophysiological mechanisms evolve
and change significantly over time, from inciting metabolic
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factors to glomerular hyperfiltration, renal hypertrophy, and
eventually, glomerulosclerosis and interstitial fibrosis.’”
Finally, there is heterogeneity of DKD on biopsy, with
variations in glomerular lesions and tubulointerstitial pat-
terns; future studies should explore whether the identified
proteins, metabolites, and pathways apply across different
histopathologic lesions.

In summary, this study nominates several known and
novel proteins and pathways associated with DKD. These
findings provide valuable insights for future investigations
into potential targets for therapy and opportunities for
non-invasive diagnosis.
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