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° Which proteins associate with diabetes risk profiles?
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Proteins capture subtle changes in glucose homeostasis long before clinical disease

AIR, acute insulin response; eGFR, estimated glomerular filtration rate; iD, incident diabetes; incl, including; iT2D, incident type 2 diabetes; LG, longitudinal glucose; +, SD.
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High-throughput proteomics allows researchers to simulta-
neously explore the roles of thousands of biomarkers in the
pathophysiology of diabetes. We conducted proteomic as-
sociation studies of incident type 2 diabetes and physio-
logic responses to an intravenous glucose tolerance test
(IVGTT) to identify novel protein contributors to glucose ho-
meostasis and diabetes risk. We tested 4,776 SomaScan
proteins measured in relation to 18-year incident diabetes
risk in participants from the Cardiovascular Health Study
(N =2,631) and IVGTT-derived measures in participants from
the HERITAGE Family Study (N = 752). We characterize 51
proteins that were associated with longitudinal diabetes
risk, using their respective 39, 9, and 8 concurrent associa-
tions with insulin sensitivity index (S)), acute insulin response
to glucose (AIRg), and glucose effectiveness (Sg). Twelve of
the 51 diabetes associations appear to be novel, including
B-glucuronidase, which was associated with increased

ARTICLE HIGHLIGHTS

¢ Plasma proteins are associated with the risk of incident
diabetes in older adults independent of various demo-
graphic, lifestyle, and biochemical risk factors.

e These same proteins are associated with subtle differ-
ences in measures of glucose homeostasis earlier in life.

¢ Proteins that are associated with lower insulin sensitivity in
individuals without diabetes tend to be associated with ap-
propriate compensatory mechanisms, such as a stronger
acute insulin response or higher glucose effectiveness.

e Proteins that are associated with future diabetes risk,
but not with insulin insensitivity, tend to be associated
with lower glucose effectiveness and/or impaired acute
insulin response.
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diabetes risk and lower Sg, suggesting an alternative path-
way to insulin for glucose disposal; and plexin-B2, which
also was associated with increased diabetes risk, but with
lower AIRg, and not with S,, indicating a mechanism related
instead to pancreatic dysfunction. Other novel protein as-
sociations included alcohol dehydrogenase-1C, fructose-
bisphosphate aldolase-B, sorbitol dehydrogenase with
elevated type 2 diabetes risk, and a leucine-rich repeat
containing protein-15 and myocilin with decreased risk.

The heterogeneity of type 2 diabetes pathogenesis continues
to complicate efforts at risk assessment and therapeutic tar-
geting (1,2). High-throughput proteomics provides an avenue
to disentangle this complexity through the simultaneous
measurement of thousands of proteins using a single plasma
specimen (3). Although progress has been made (3-6), pro-
spective proteomics analyses in diverse population-based co-
horts remain few and limited. Furthermore, the integration
of population-derived diabetes risk with sophisticated physio-
logic studies may better define how proteins relate to dia-
betic subphenotypes.

We present a large-scale proteomics association study of
incident type 2 diabetes and longitudinal glucose trajecto-
ries, the latter of which, to our knowledge, have not been
previously evaluated. We further explore prospective pro-
tein associations in a complementary analysis of multiple
glucose homeostasis traits using a frequently sampled intra-
venous glucose tolerance test (IVGTT). The combination of
these data sets characterizes protein biomarkers of type 2
diabetes risk across physiologically distinct components of
glucose homeostasis before the onset of overt disease.

RESEARCH DESIGN AND METHODS

Study Cohorts

The Cardiovascular Health Study (CHS) is a population-
based prospective study initiated in 1989 to investigate
cardiovascular disease risk factors in adults aged 65 years
or older (7). We included 3,188 CHS participants who had
frozen plasma samples from the 1992-1993 visit for prote-
omics assessment, which was used as the baseline for these
analyses (8). Diabetes status was ascertained through June
2010 (i.e., 18-year follow-up) using plasma glucose data,
medication inventories, and insurance claims (9). Plasma
glucose level was measured at the 1992-1993, 1994-1995,
1996-1997, and 1998-1999 visits, and participants were
asked to fast before collection except in 1994-1995 (9).
We complemented CHS prospective analyses with a cross-
sectional investigation of baseline data from the Health,
Risk Factors, Exercise Training and Genetics (HERITAGE)
Family Study (hereafter, HERITAGE). HERITAGE is a 20-week,
single-arm exercise intervention study investigating ge-
netic and cardiometabolic contributors to endurance exer-
cise response in 763 participants recruited within family
units (10). Participants underwent a fasted IVGTT com-
prising of 20 g/m® body surface area of glucose adminis-
tered over 3 min. Sixteen blood samples were collected
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between 15 min before and 180 min after glucose admin-
istration (11) and were used to generate measures of gly-
cemic control using MINMOD software (12).

Plasma Proteomics

Participants in CHS and HERITAGE had 4,796 unique
proteins assayed by 4,979 aptamers on the SomaScan 4.0
platform (SomaLogic, Boulder, CO) (13). We excluded 45
nonfasting CHS samples and 17 that failed quality con-
trol. Data from both cohorts were normalized using hy-
bridization controls and plate calibrators, and then log,
transformed and standardized to z scores. In CHS, adap-
tive normalization was additionally applied (8).

Statistical Analysis

We used Cox proportional hazard regression models to
test associations of aptamers with incident type 2 diabe-
tes. For this analysis, we additionally excluded 32 partici-
pants with missing data and 463 with prevalent diabetes.
Age, sex, race, clinic site, and estimated glomerular filtra-
tion rate were included as covariates in our base model.
Additionally, we adjusted our main model for BMI, smok-
ing status, alcohol consumption status, and education. In
exploratory analyses, we tested for interaction effects of
sex on statistically significant base-model associations.

As a secondary outcome, we used linear mixed-effect
models to assess associations of aptamers with 6-year lon-
gitudinal fasting glucose levels. We excluded nonfasting
measurements (fasting time <8 h) and adjusted glucose
levels for those taking glucose-lowering medications based
on their published glucose lowering effects (+30 mg/dL
for oral hypoglycemics and +60 mg/dL for insulin or dual
therapy [14]). A Bonferroni-adjusted statistical signifi-
cance threshold of P < 2.1 x 107> (P < 0.05 adjusted for
4,979 statistical tests) was applied for proteome-wide as-
sociations, and a false discovery rate (FDR) of <0.05 was
applied for interaction effects.

Proteins that significantly associated with CHS outcomes
were further tested for their assodations with IVGTT-derived
measures in HERITAGE using linear mixed-effect models. The
base model included age, sex, and race as fixed effects and fam-
ily grouping as random effects, and the main model addition-
ally included BMI, smoking status, and alcohol consumption
status. Participants who had missing model covariates (n = 11)
were excuded. Per the model, we excluded those who had
missing trait data. Statistical significance was defined as
P < 0.05. We performed all analysis using R, version 4.1.3 (15).

Aptamer Specificity

To support aptamer-protein spedificity, we incorporated pub-
lished mass spectrometry-based verification data, cs protein
quantitative trait lod (pQTLs), and internal data on correlations
between SomaScan and Olink proteomic data in HERITAGE (16).

Mendelian Randomization
We tested for causal relationships between proteins and dia-
betes or glycemic traits using Mendelian randomization (MR)
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Table 1—Plasma proteins associated with incident type 2 diabetes in CHS after full covariate adjustment
Also associated with

UniProt Gene Prior
identifier symbol Target protein name HR (95% ClI) P value Glucose* IVGTT# evidencet
Q9BRK3 MXRAS8 Matrix-remodeling-associated  0.65 (0.57-0.73) 1.8 x 102 Yes S,, AIRg, DI, Sg Yes
protein 8
Q92729 PTPRU Receptor-type tyrosine-protein  1.32 (1.21-1.43) 2.4 x 10" No S, DI, Sg Yes
phosphatase U
P08236 GUSB B-glucuronidase 1.46 (1.30-1.63) 2.5 x 10! Yes S,, DI, Sg No
P42785 PRCP Lysosomal Pro-X 1.46 (1.31-1.64) 5.4 x 10~ Yes S, DI Yes
carboxypeptidase
Q03154 ACY1 Aminoacylase-1 1.36 (1.24-1.48) 5.6 x 10! No S;, AIRg, DI Yes
Q13790 APOF Apolipoprotein F 0.68 (0.61-0.77) 7.2 x 10~ Yes S;, AIRg, DI Yes
P18065 IGFBP2 Insulin-like growth 0.66 (0.58-0.75) 2.8 x 10~ ° Yes S, AIRg, DI Yes
factor-binding protein 2
Q15848 ADIPOQ Adiponectin 0.68 (0.61-0.77) 4.0 x 10~ '° Yes S,, DI, Sg Yes
P52758 HRSP12 Ribonuclease UK114 1.34 (1.21-1.47) 3.1 x 107° No S,, DI Yes
P82980 RBP5 Retinol-binding protein 5 1.30 (1.19-1.42) 1.1 x 1078 No S,, DI Yes
P14384 CPM Carboxypeptidase M 1.32 (1.20-1.46) 1.9x 1078 Yes S, DI Yes
P55103 INHBC Inhibin B C chain 1.40 (1.25-1.58) 2.3 x 1078 Yes S, AIRg, DI Yes
P07327 ADH1A Alcohol dehydrogenase 1A 1.28 (1.17-1.40) 3.0 x 1078 No S, AIRg, DI Yes
P04278 SHBG Sex hormone-binding globulin  0.72 (0.64-0.81) 3.5 x 1078 No S, AlRg, DI Yes
P10912 GHR Growth hormone receptor 1.40 (1.24-1.58) 6.5 x 1078 Yes S;, AIRg, DI Yes
Q9BU40 CHRDL1 Chordin-like protein 1 0.69 (0.61-0.79) 7.1 x 1078 Yes S, AIRg Yes
P07306 ASGR1 Asialoglycoprotein receptor 1 1.29 (1.17-1.41) 7.4 x 1078 No S,, DI No
P09467 FBP1 Fructose-1,6-bisphosphatase 1 1.28 (1.17-1.39) 8.9 x 1078 No S;, AIRg, DI Yes
Q86TH1  ADAMTSL2 ADAMTS-like protein 2 1.30 (1.18-1.43) 1.0 x 1077 No S, AIRg, DI Yes
Q8WXD2 SCG3 Secretogranin-3 0.74 (0.66-0.82) 1.1 x 1077 No S, AIRg, DI Yes
094933 SLITRK3 SLIT and NTRK-like protein 3  0.75 (0.67-0.83) 1.2 x 10~ No S, AIRg, DI Yes
Q03167 TGFBR3 Transforming growth factor .  0.74 (0.66-0.83) 1.3 x 107 No S, AIRg, DI Yes
receptor type 3
P23141 CES1 Liver carboxylesterase 1 1.29 (1.17-1.43) 2.1 x 10" No S, DI No
P00326 ADH1C Alcohol dehydrogenase 1C 1.28 (1.16-1.40) 3.1 x 10~ No S, DI No
Q6UXZ4 UNC5D Netrin receptor UNC5D 0.72 (0.63-0.82) 3.1 x 1077 No S;, AIRg, DI Yes
Q9BZR6 RTN4R Reticulon-4 receptor 1.34 (1.20-1.50) 3.9 x 10~7 Yes S, DI Yes
Q8N142 ADSSL1 Adenylosuccinate synthetase  1.26 (1.15-1.37) 3.9 x 10~/ No S, DI Yes
isozyme 1
P05062 ALDOB Fructose-bisphosphate 1.27 (1.16-1.40) 4.3 x 10~7 No S, AIRg, DI No
aldolase B
015335 CHAD Chondroadherin 0.76 (0.68-0.84) 4.6 x 1077 No S,, DI Yes
015031 PLXNB2 Plexin-B2 1.36 (1.21-1.54) 6.1 x 10~/ No S, AIRg No
Q99727 TIMP4 Metalloproteinase inhibitor 4  0.74 (0.66-0.84) 6.2 x 1077 No AlRg, DI Yes
P04424 ASL Argininosuccinate lyase 1.25(1.15-1.37) 8.7 x 1077 No S, AIRg, DI Yes
094856 NFASC Neurofascin 1.22 (1.13-1.33) 9.4 x 10~ No Sc No
P08319 ADH4 Alcohol dehydrogenase 4 1.26 (1.15-1.38) 9.9 x 1077 No S;, AIRg, DI Yes
Q99519 NEU1 Sialidase-1 1.18 1.11-1.27) 1.1 x10°° No S,, DI Yes
Q9NQ79 CRTAC1 Cartilage acidic protein 1 0.77 (0.69-0.86) 1.1 x 10°© No S, DI, Sg No
Q00796 SORD Sorbitol dehydrogenase 1.29 (1.16-1.42) 1.2 x 107 No S, AIRg, DI No

Continued on p. 669
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Table 1—Continued
Also associated with
UniProt Gene Prior
identifier symbol Target protein name HR (95% CI) P value Glucose* IVGTT+ evidencet
095954 FTCD Formimidoyltransferase- 1.28 (1.16-1.41) 1.4 x 107° No S, DI Yes
cyclodeaminase
QBNW40 RGMB RGM domain family member B 0.73 (0.64-0.83) 1.5 x 107° No S, AlRg, DI Yes
Q7Z3B1 NEGR18 Neuronal growth regulator 1§ 0.74 (0.65-0.84) 1.7 x 10°° No S;, DI, Sg Yes
Q96EE4 CCDC126  Coiled-coil domain-containing 0.76 (0.68-0.85) 1.7 x 107 No S, AlIRg, DI, Sg Yes
protein 126
000468 AGRN Agrin 1.27 (1.15-1.41) 2.4 x10°° No S, DI No
Q969E1 LEAP2 Liver-expressed antimicrobial  1.29 (1.16-1.44) 2.4 x 10°° No No Yes
peptide 2
Q99972 MYOC Myocilin 0.77 (0.69-0.86) 2.9 x 10°° No No No
Q13478 IL18R1 Interleukin-18 receptor 1 1.21(1.12-1.32) 3.6 x10°° No S, DI Yes
Q13332 PTPRS Receptor-type tyrosine-protein  0.78 (0.70-0.87) 3.7 x 107° No S,, AIRg, DI Yes
phosphatase S
Q01581 HMGCS1 Hydroxymethylglutaryl-CoA 1.27 (1.15-1.40) 3.9 x 10°° No S Yes
synthase, cytoplasmic
Q9Y617 PSATT1 Phosphoserine 1.25(1.14-1.37) 4.0 x 107° No S;, AIRg, DI Yes
aminotransferase
P35442 THBS2 Thrombospondin-2 1.26 (1.14-1.39) 4.5x10°° No AIRg, DI Yes
Q8TF66 LRRC15 Leucine-rich repeat-containing  0.77 (0.69-0.86) 4.8 x 10~° No S, DI No
protein 15
Q96GGY DCUN1D1 DCN1-like protein 1 1.22 (1.12-1.34) 9.4 x 10°° No S Yes
Q9POT7 TMEM9 Transmembrane protein 9 0.99 (0.88-1.10) 0.40 Yes No No

The model was adjusted for age, sex, race, clinic site, estimated glomerular filtration rate, BMI, smoking status, alcohol consumption
status, and education. AIRg, acute insulin response to glucose; DI, Disposition index; HR, hazard ratio; S;: insulin sensitivity; Sg: glucose
response. HR presents change in risk per SD increase in log2 protein unit at baseline. *Also associated with longitudinal glucose in
the CHS cohort. Also associated with at glycemic traits in the HERITAGE cohort. +Published proteomic associations with incident
type 2 diabetes. §Targeted by two distinct aptamers; summary statistics for both are reported in the Supplementary Material.

with the TwoSampleMR R package. For genetic instruments
of aptamers, we included published cis pQTLs in people of Eu-
ropean ancestry (17), filtered for #* > 0.1 within a 10-Mb
window based on the 1000 Genomes Project European ref-
erence using the ld_clump function from the ieugwasr R
package. We included genetic instruments from the most
comprehensive genome-wide association studies on diabe-
tes (18) and glycemic traits (19), restricted to individuals
of European ancestry to increase the validity of linkage disequi-
librium assumptions. We reported Wald ratios for aptamers
with single-variant instruments, inverse variance-weighted
estimates for instruments containing multiple genetic var-
iants, and MR-Egger regression estimates as sensitivity
analysis, where applicable. Statistical significance was de-
fined as P < 0.05.

Data and Resource Availability

CHS data can be acquired through dbGaP and the National
Heart, Lung, and Blood Institute BioLINCC (https://chs-nhlbi
.org/CHS_DistribPolicy). HERITAGE data can be accessed from
the corresponding authors upon reasonable request.

RESULTS

CHS participants were aged 64 to98 years, 63% were fe-
male, and 14% were Black (Supplementary Table 1). Dur-
ing follow-up, 410 participants (15.6%) developed type 2
diabetes (median time to diagnosis, 7.0 [interquartile range =
3.9-11.6] years). The HERITAGE cohort was younger (16 to
66 years) and incduded more male (45%) and Black (36%)
participants (Supplementary Table 1).

Prospective Proteomic Association Analysis

In the main model, 51 proteins were associated with incident
type 2 diabetes (Table 1). All but two of the associated ap-
tamers had published cis pQTLs; 12 have been validated by
mass spectrometry, and 7 had strong (P > 0.70) correlations
with Olink measurements. In our base model, 59 additional
associations were statistically significant (P < 2.1 x 107). Of
the 110 protein associations observed in these models
(Supplementary Table 2), 29 are reported for the first time,
to our knowledge, and 81 are supported by prior proteomic
investigations. None of the proteomic associations were
modified by sex (Pepg = 0.05, Supplementary Table 3).


https://chs-nhlbi.org/CHS_DistribPolicy
https://chs-nhlbi.org/CHS_DistribPolicy
https://doi.org/10.2337/figshare.22009409
https://doi.org/10.2337/figshare.22009409
https://doi.org/10.2337/figshare.22009409
https://doi.org/10.2337/figshare.22009409
https://doi.org/10.2337/figshare.22009409
https://diabetesjournals.org/diabetes

670 Incident Type 2 Diabetes Proteomics

Diabetes Volume 72, May 2023

IGFBP2 IGFBP1
[ ]
APOF
[ ]
MXRAS SLITRK3 S ANTXR2
ADIPQQ 20
NEGR1,, ®, MET
0.2 8 ¢
@ RGMB S.TX1A ‘AZGP1
S e ° °kiTLG
s ® ® g°
= [ ]
£ :
© CHRDLA1 e °
8 » o © ®
o
8 ®e .: ®
o] o Y, MPO PLXNB2
@ ° o >
> NCAN LEAP2
()]
2 00 NPTER ..THBS2
> TLL1 PLAT
£ OMG o
= o GPRS56 ¢ IL18R1 °
c TMEMS ARL1S, 4 DCUN1D1 PRCP
n °®
£ NF°ASE e fGIE\iN4R S HBC
2 SIGLEC12,® *F9°® o RI
< TRA1 FTCD
FABP3T \t‘ o o PM
IL'1RNe  ASL %, HRsP12
NEU1, ®_%°«
0.2 ', BBP1 RBP5 %USB
AKR1D1 A »
PSAT1 ® GHR
LY [ ]
ADH4  ACY1
LEP
0.6 0.8 1.0 1.2 1.4

Incident Type 2 Diabetes (Hazard Ratios)

Figure 1—Comparison of association plots of incident type 2 diabetes associations in the CHS cohort and S, in the HERITAGE cohort. Proteins are la-
beled using their Entrez gene symbol. All proteins were associated with incident type 2 diabetes at P < 1.04 x 10~° upon adjustment for age, sex, race,
clinic site, and estimated glomerular filtration rate. Green indicates a protein associated with S, at P < 0.05 upon adjustment for age, sex, race, family
grouping, BMI, smoking status, and alcohol consumption status. Grey indicates a statistically nonsignificant protein—-S; association. Because of their
strong effect sizes, IGFBP1, IGFBP2, and LEP are plotted off the axes in some of the panels to ensure that other proteins can be better visualized.

Protein associations with longitudinal glucose levels largely
reflected those observed in the incident diabetes analyses
(Supplementary Fig. 1). Of the four significant associations
observed in our main longitudinal glucose model and 13 in
our base model, only transmembrane protein 9 and heart-
type fatty acid-binding protein were not associated with inci-
dent type 2 diabetes (Supplementary Table 4).

Integration of IVGTT-Based Associations

We carried forward 112 proteins from the base CHS mod-
els and tested their associations with the following four
IVGTT traits in HERITAGE (Supplementary Table 6): insu-
lin sensitivity index (Sp), acute insulin response to glucose
(AIRe), disposition index (DI), and glucose effectiveness (Sg).
Supplementary Fig. 2 shows the correlation matrix of these
traits with available clinical glycemic measures in HERITAGE.

Of the 52 significantly associated proteins from the CHS
main models, Sy, AIRg, Dy, and Sg were respectively associ-
ated with 39, 9, 39, and 8 proteins (Table 1, Supplementary
Table 5), and 47 (90%) were associated with at least one
IVGTT trait. Proteins associated with lower insulin sensitiv-
ity were consistently associated with higher diabetes risk,
and vice versa (Fig. 1). Within these protein-S; association
clusters, we observed further branching of concurrent pro-
tein associations along two insulin-resistance adaptations:
AIRg, representing the acute secretion of insulin to a glu-
cose challenge (Fig. 24), or Sg, an estimate of circulating
glucose’s inherent impact on suppressing its production and
enhancing its disposal (Fig. 34). In addition, we observed di-
abetes risk-associated proteins that did not concurrently as-
sociate with S; but instead assodiated solely with AIRg and
Sc (Figs. 2B and 3B).
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Figure 2—Comparison of association plots of AlIRg. A: Protein associations with AIRg versus with S, in the HERITAGE cohort. B: Protein
associations with AlRg in the HERITAGE cohort versus with incident type 2 diabetes associations in the CHS cohort. Proteins are labeled
using their Entrez gene symbol. All proteins were associated with incident type 2 diabetes at P < 1.04 x 10~° upon adjustment for age,
sex, race, clinic site, and estimated glomerular filtration rate. Orange and green indicate a protein associated with AIRg or S, respectively,
at P < 0.05 upon adjustment for age, sex, race, family grouping, BMI, smoking status, and alcohol consumption status. Red and grey re-
spectively indicate that both or neither association(s) were statistically significant. Because their strong effect sizes, IGFBP1, IGFBP2, and
LEP are plotted off the axes in some of the panels to ensure that other proteins can be better visualized.

We identified genetic instruments for 90 aptamers
(n = 89 proteins) with significant associations in the CHS
base models. We report supportive MR evidence for the
relationship of 13 proteins with diabetes, including 7 with
concordant direction of effect observed in CHS, and for
21 proteins with fasting glucose, insulin, HbA;,, and/or
2-h glucose levels after an oral glucose tolerance test
(Supplementary Tables 6 and 7).

DISCUSSION

We report 112 proteomic associations (including 30 appar-
ently novel and 7 MR-supported associations) with incident
type 2 diabetes and/or longitudinal change in glucose in a
population-based cohort of U.S. adults aged 65 years or
older. When further investigated in an independent younger
and healthier cohort, 90% of these proteins shared associa-
tions with at least one cross-sectional measure of glucose
homeostasis after administration of an intravenous glucose
load. That these proteins can demonstrate strong relation-
ships with glucose metabolism and dysmetabolism across
two mixed-ancestry cohorts spanning the entire adult age
spectrum speaks to the robustness of their involvement. Ad-
ditionally, by aligning proteins associated with diabetes risk
along discrete axes of their role in glucose homeostasis, we
identified patterns of association that may offer mechanistic
insights.

The first such pattern relates to insulin resistance. We
observed a general concordance between protein-diabetes
risk relationships and Sy; in other words, proteins reflecting
higher insulin sensitivity were also markers of decreased
diabetes risk and vice versa. As the initial compensatory
mechanism for insulin resistance (lower Sy), insulin produc-
tion increases (higher AIRg; i.e., more insulin in the first
10 min of the IVGTT). This is reflected in our data by the
contrasting associations some proteins have with S; and
AIRg, including well-established diabetes risk markers like
leptin, as well as proteins previously reported to be associ-
ated with diabetes risk without mechanistic context (e.g.,
apolipoprotein-F, alcohol dehydrogenase-4, alcohol dehy-
drogenase-1A). Proteins for which we report a novel diabe-
tes association and that cluster within this pattern include
fructose-bisphosphate aldolase-B (ALDOB), sorbitol dehy-
drogenase, and cartilage acidic protein-1. For ALDOB, we
report supportive MR evidence of a concordant increased
risk for diabetes. Ultimately, some of the proteins in this
group may be downstream markers of insulin resistance,
including fructose-1,6-bisphosphatase-1 and argininosucci-
nate lyase, that are transcriptionally regulated by insulin
(20,21) but also are associated with increased diabetes risk.

A second pattern of associations relates to pancreatic
function. These proteins were associated with diabetes risk
and insulin secretion (AIR;) but not with S;. We validated
the association of metalloproteinase inhibitor-4 with lower
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Figure 3—Comparison of association plots of Sg. A: Protein associations with Sg versus with S, in the HERITAGE cohort. B: Protein asso-
ciations with Sg in the HERITAGE cohort versus with incident type 2 diabetes associations in the CHS cohort. Proteins are labeled using
their Entrez gene symbol. All proteins were associated with incident type 2 diabetes at P < 1.04 x 10~ upon adjustment for age, sex,
race, clinic site, and estimated glomerular filtration rate. Purple and green indicate a protein associated with Sg or S;, respectively, at P <
0.05 upon adjustment for age, sex, race, family grouping, BMI, smoking status, and alcohol consumption status. Red and grey respec-
tively indicate that both or neither association(s) were statistically significant. Because of their strong effect sizes, IGFBP1, IGFBP2, and
LEP are plotted off the axes in some of the panels to ensure that other proteins can be better visualized.

diabetes risk and report it as a possible marker of pancreatic
health through its association with insulin response in the
absence of an insulin sensitivity-related association. We
highlight thrombospondin-2, a matricellular protein associ-
ated with impaired wound healing and severity of liver fibro-
sis in those with diabetes (22,23), as a possible marker of
subtle B-cell dysfunction preceding diabetes onset through
its association with increased diabetes risk and lower AlRg,
but not with S;. We observed a similar pattern of association
for Plexin-B2, which has previously only been associated
with prevalent diabetes. The discordant observational and
MR-based associations between Plexin-B2 and diabetes risk
supports prior evidence that plexin-B2 likely causally relates
to diabetes risk and is causally affected by it (5).

The third cluster relates to insulin-independent gluco-
metabolic pathways. B-Glucuronidase (GUSB) was most
strongly associated with incident diabetes within this clus-
ter. GUSB catalyzes the hydrolysis of glucuronic acids and
breakdown of mucopolysaccharides, which are elevated in
individuals with prevalent diabetes, and is hypothesized to
metabolize excess glucose through the glucuronic acid cycle
(24). Alongside the positive GUSB-S¢ association, GUSB is
associated inversely with S;, suggesting that before the on-
set of overt diabetes, GUSB may be upregulated to com-
pensate for hyperglycemia as the body becomes more
insulin resistant. Although this hypothetical mechanism is
not causal for diabetes, it may still have a role akin to

sodium-glucose cotransporter-2 inhibitors, which lower glu-
cose levels independent of insulin (25).

Our study has some limitations. Although the Soma-
Logic assay covers the proteome broadly, it still preselects
a panel of proteins, and many proteins remain unexplored.
Although we provide data that support aptamer specificity,
aptamer performance varies, and the data may inaccurately
reflect true protein abundance. Although we validated
some of our associations with diabetes risk using published
literature, we also report numerous novel associations that
require replication in independent prospective cohorts. Tar-
gets of potential causal relevance might be particularly use-
ful for further investigation in perturbational studies.

In conclusion, our findings suggest that proteins may
capture subtle changes in glucometabolic health years be-
fore onset of clinical disease and provide support for fur-
ther investigation of candidate proteins related to diabetes
pathogenesis.
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