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ARTICLE HIGHLIGHTS

» This study was conducted to investigate the association between blood glycated hemoglobin (HbA,.) and cere-
bral cortical thickness (CT) and explore the underlying cellular mechanisms.

» There is a significant negative association between HbA,. and CT that is present only starting at low prediabetic
levels of HbA,, indicating a threshold effect.

« Glutamatergic excitatory neuron dysregulation and diminished astrocyte homeostatic functions may underlie the
HbA,.—~CT association.

« Our findings suggest that prediabetic levels of HbA4. are associated with cortical thinning, highlighting the need
for effective glycemic control early in the course of diabetes.
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OBJECTIVE

To investigate the relationship between blood glycated hemoglobin (HbA, ) and cere-
bral cortical thickness (CT) and identify potential cellular mechanisms involved.

RESEARCH DESIGN AND METHODS

A cohort of 30,579 adults age 45 to 81 (mean + SD: 64 t 7.5) years with available
data on brain MRI and blood HbA,. levels was analyzed. The relationship be-
tween HbA;. and CT was probed using independent spatial profiles of cell-specific
gene expression. Lastly, a genome-wide association study was conducted on the
shared variance between HbA,  and CT.

RESULTS

The HbA, ~CT association was noncontinuous, emerging negatively within the predi-
abetic range (39.6 mmol/mol). This association was strongest in brain regions with
higher expression of genes specific to excitatory neurons and lower expression of
genes specific to astrocytes and microglia. A significant locus implicated mitochon-
drial maintenance and ATP generation.

CONCLUSIONS

Effective glycemia control at prediabetic levels is warranted to preserve brain
health and prevent prediabetes-related neurobiologic perturbations.

Type 2 diabetes (T2D) is a major risk factor for accelerated brain aging and demen-
tia (1), with up to a twofold risk of dementia and Alzheimer disease (1). Progressive
thinning of the cerebral cortex is a neuroimaging marker of brain atrophy in pre-
clinical and clinical dementia (2). T2D may contribute to this cortical thinning. No
prior large-scale study has examined the relationship between glycated hemoglobin
(HbA;.) and thickness of the cerebral cortex, or which cell types and molecular
mechanisms may contribute to the association.

RESEARCH DESIGN AND METHODS

Participants

A total of 30,579 participants age 45 to 81 (mean % SD: 64 + 7.5) years from UK Bi-
obank were included in this study (3). Participants without a history of stroke and
dementia were studied (Supplementary Material). Blood HbA,. levels were mea-
sured using high-performance liquid chromatography, and cortical thickness (CT)
was estimated from T1-weighted magnetic resonance images using FreeSurfer (4).
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Statistical Analysis

The association between HbA;. and CT
was examined by fitting segmented lin-
ear regression models (5). Before model
fitting, HbA;. was inverse-normal trans-
formed, and CT was adjusted for age, age
squared, time between blood sampling
and MRI acquisition, and MRI assessment
center. The same model was also used to
estimate the association for each of the
34 FreeSurfer-parcellated regions of the
cerebral cortex.

To identify the potential contributions of
cell type, we tested the relationship be-
tween cell-type specificity and the correla-
tion of interregional profiles of HbA,—CT
association estimates with interregional pro-
files of mMRNA expression of genes across the
34 cortical regions (Supplementary Fig. 1).
The gene specificity for all cell types was cal-
culated using single-nucleus RNA sequenc-
ing data from multiple human cortical
regions (Allen Institute) with the CELLEX
(Cell Type EXpression Specificity) toolkit
(6). Gene expression across the cerebral
cortex was calculated using bulk mRNA ex-
pression from the Allen Human Brain Atlas
(7,8).

Next, to explore further the mechanistic
basis of the HbA;—CT association, we con-
ducted a genome-wide association study
(GWAS) on the shared variance between
HbA;. and CT (indexed by the first princi-
pal component [PC1] of the two variables)
using Plink (version 2.0). PC1 was calcu-
lated using HbA;. and CT adjusted for the
same covariates mentioned above, as well
as the first five genotype PCs. The GWAS-
identified locus of PC1 was then tested
for cis—expression quantitative trait loci
(eQTLs; i.e., genetic variants associated
with mRNA expression of one or more
genes) within MetaBrain (9).

A functional enrichment analysis of the
gene sets implicated within cell types or
cis-eQTL-regulated genes was performed
for Gene Ontology biologic processes
through the Cluster Profiler R package
(10). Cell type— or cis-eQTL—implicated
genes were used as seed genes in a
coexpression network analysis within
an aggregated data set of gene ex-
pression from five independent resour-
ces including a total of 534 unique
donors age 0 to 102 years (11). The top
0.1% of positively coexpressed genes
were used as the input for Gene Ontol-
ogy enrichment analysis.

Data and Resource Availability
All data are available through the UK
Biobank study.

RESULTS

Association Between HbA;. and
Cerebral CT Emerges at the Low End
of Prediabetic HbA;.

We tested the association between HbA;.
and mean CT in 30,579 individuals from UK
Biobank (48% men; mean age 64 years;
British-European ancestry) (Supplementary
Table 1) who had no history of stroke or
dementia (3). We showed, using seg-
mented regression modeling (5), that the
association between HbA,. and mean CT
is not uniform, but rather, it shifts from
absence to presence at the HbA, level of
39.6 mmol/mol, which is the low end of
the prediabetic range (Fig. 1). The results
were similar when individuals with T2D
(n = 741) were excluded from the analysis
(Supplementary Fig. 2).

The association was adjusted for age and
sex, and it remained when additionally
adjusted for BMI, C-reactive protein, systolic
blood pressure, cholesterol, myocardial
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infarction, white matter hyperintensities,
cigarette smoking, and education, suggest-
ing it was independent of these cardiovas-
cular disease risk factors (Supplementary
Fig. 3). The same analyses in sex-separate
subsamples showed similar association
trends in men and women (Fig. 1 and
Supplementary Fig. 3); however, the
estimated breakpoint was lower in
men (37.3 mmol/mol) than in women
(40.1 mmol/mol; P = 0.016) (Fig. 1), which
resulted in a higher proportion of men
(23.2%) than women (6.7%) with a negative
statistical effect of HbA;. on CT (P <
2e—16). HbA, levels did not markedly dif-
fer between the sexes, and although men
(vs. women) exhibited a more adverse car-
diovascular disease profile (age, BMI, blood
pressure, myocardial infarction, and white
matter hyperintensities) (Supplementary
Table 1), adjustment for these factors did
not change the breakpoint value. Age-
stratified analyses (<65 or =65 years)
showed that the breakpoint value of
HbA;. was at a low prediabetic value in
all four subsets, but it tended to be
lower in men than in women among
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Figure 1—Association between HbA,. and mean CT in sex-pooled and sex-separate samples. Fitted
lines and 95% confidence bands of smooth curves (dotted lines) and fitted lines from segmented lin-
ear regression (solid lines) are shown. HbA, levels were inverse-rank normal transformed, and mean
CT was adjusted for age, age squared, time between blood draw and brain MR, and scanning center.
Breakpoint values of HbA,. (i.e., values of HbA,. at which HbA,—CT association shifts from absence to
presence) are shown as vertical lines. Light- and darker-gray backgrounds indicate prediabetes (HbA;.
39-47 mmol/mol) and diabetes (HbA;. =48 mmol/mol), respectively.
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older (P = 0.096) but not younger
(P =0.42) individuals (Supplementary Fig. 4).

Excitatory Neurons and Glial Cells Play
Opposing Roles in the HbA;.—CT
Association

The association between HbA,. and CT var-
ied in strength across the cerebral cortex
(Fig. 2). We related this interregional varia-
tion in the estimated association between
HbA;. and CT across the 34 regions, with
cell-specific gene expression across the
same 34 regions. Cell-specific gene expres-
sion profiles were derived from an indepen-
dent data set of donors from the Allen
Human Brain Atlas (see Research Design
and Methods and Supplementary Material).
Cell-type enrichment analyses revealed that

A

0.1

-0.3

regions with greater expression of genes
specific to excitatory neurons (ExcNeulT
and ExcNeul56ITCar3) and lower expres-
sion of genes specific to astrocytes and
microglia showed larger negative effects
of HbA,. on CT (Fig. 2 and Supplementary
Table 3). The same analysis in sex-separate
samples suggested a similar involvement
of these four cell types (Supplementary
Fig. 5).

Glutamatergic Dysregulation of
Excitatory Neurons and Diminished
Counter-Regulatory Functions of
Astrocytes and Microglia Contribute
to HbA,.-Associated CT

Biologic processes enriched for the cell-
specific genes implicated in the HbA; —CT
association are shown in Fig. 3. Excitatory

Shin and Associates

neuron-specific genes with higher expression
in regions most affected by HbA,. were in-
volved in synaptic signaling, neurotransmis-
sion, purinergic signaling, and regulation of
action potential/cytosolic Ca®*. Contrast-
ingly, astrocyte-specific genes with lower
expression in regions most affected by
HbA,. were enriched with glutamate syn-
aptic clearance and defense against oxida-
tive stressors. Similarly, microglia-specific
genes were enriched in general immune
processes, such as cytokine production.

Genomic Locus of HbA;~Associated
Cortical Thinning Regulates Expression of
Cortical Genes Involved in Mitochondria
Maintenance and Immune Response
Regionally, the largest negative effect sizes
of HbA;. on CT were observed in the
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Figure 2—Regional associations between HbA;. and CT and cell-type enrichment analysis. A: Regional associations across the cerebral cortex for each of
34 regions in Desikan-Killiany Atlas estimated in individuals with sex-specific HbA levels above breakpoint values shown in Fig. 1. B: Cell-type enrichment
analysis of association between cell-type specificity for gene and its correlation between bulk mRNA expression and HbA; —CT coefficient (from panel A).
Individual genes are are shown in a density plot, where red represents areas with high density of genes, and blue represents areas with low density of
genes. Solid black line represents linear model fit. FDR, false discovery rate; OPC, oligodendrocyte precursor cell; VLMC, vascular leptomeningeal cell.
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Figure 3—Functional network enrichment analysis of genes specific to cell types implicated by HbA; —CT association: excitatory IT neurons (A), ex-
citatory L5/6-IT-Car3 neurons (B), astrocytes (C), and microglia (D). Significant biologic processes are represented as nodes, and thickness of con-
necting edges represents pairwise similarity between processes. N of intersected genes for a particular process is represented by size of each
node, whereas false discovery rate—corrected P value is indicated by color. IT, intra-telencephalic.

superior frontal and superior temporal
cortices (Fig. 2). PC1 capturing the shared
variance between the CT of these regions
and HbA;. was used as an index of HbA;-
associated cortical thinning; it was loaded
positively by HbA;. and negatively by CT.
We identified a GWAS-significant locus of
PC1 within the major histocompatibility
complex on chromosome 6 (rs9271176;
P = 2.6e—8). The locus showed similar as-
sociation patterns with PC1 in men and
women (Supplementary Fig. 6). The
rs9271176 single nucleotide polymor-
phism was located in an enhancer and
was associated with mRNA expression

(acting as a cis-eQTL) in the human cere-
bral cortex of 12 protein-coding genes
(MetaBrain (9)) (Supplementary Table 4).
These 12 genes were used as seed genes
for coexpression analysis using bulk gen-
e-expression data from five independent
data sets with up to 534 unique donors.
The most positively coexpressed genes
were enriched in biologic processes re-
lated to immune response, and the most
negatively coexpressed genes were en-
riched in biologic processes of axonal
transport, mitochondria maintenance,
ATP generation, dendritic spine morpho-
genesis, and synaptic function (Fig. 4).

CONCLUSIONS

We observed a strong negative relation-
ship between HbA;. levels and CT start-
ing within prediabetic ranges, warranting
enhanced glycemic control early in the
natural history of T2D to protect brain
health.

Cell-type and gene-enrichment analy-
ses (Figs. 2 and 3) suggested that HbA,-
associated CT may involve weak excitotox-
icity resulting from glutamatergic dysregu-
lation of excitatory neurons (12) and
diminished counter-regulatory functions
of astrocytes (13) and microglia (14). This
includes increased synaptic signaling and


https://doi.org/10.2337/figshare.24174690
https://doi.org/10.2337/figshare.24174690

diabetesjournals.org/care

Shin and Associates

2271

A Downregulated

number of genes

xo-dendritic transport

® xonal transport
interograde axonal transport

@ « axonal transport of mitochondrion

-9 ynaptic vesicle localization
synapiic vesicle clustering

jesicle budding from membrane

p. adiélzgm regulation of dendritic spine development

0.0075 lendritic spine morphogenesis
0.0050
synaptic vesicle priming
0.0025
regulation of SNARE complex assembly
regulation of synaptic vesicle exocytosis

)synaptic membrane adhesion
@mitophagy

@ histone H4-K16 acetylation

@ etrograde

positive regulation of dendritc spine development
positive regulation of denditc spine morphogenesis

positive regulation of excitatory postsynaptic potential
odulation of excitatory postsynaptic potential

regulation of short-term neuronal synaptic plasticity

transport, Golgi to

B Upregulated

number of genes

Axo-dendritic : od
transport @ =
@
Mitochondrial )
transport
p.adjust

3013

Dendritic spine
morphogenesis

2013

calcium ion-regulated exocytosis of neurotransmitter

1o
Synaptic

function

Mitophagy

reticulum

histone H2A

@monoubiquitinated histone deubiquitination
@monoubiuitinated protein deubiquitination
Phistone deubiquitination

Porotein K63-linked deubiquitination

@ regulation of tubulin deacetylation

stress granule assembly

rotein localization to microtubule cyloskeleton

rotein localization to cytoskeleton

Microtubule
-based
transport

protein localization to microtubule organizing center

protein localization to centrosome

ierobic electron transport chain
tricarboxylic acid cycle

itochondrial respiratory chain complex assembly

ATP generation

ositive regulation of transcription elongation by RNA polymerase Il
ositive regulation of DNA-templated transcription, elongation

regulation of transcription elongation by RNA polymerase Il
phosphorylation of RNA polymerase Il C-terminal domain

T | ® regulation of RNA export from nucleus

nuclear pore organization
@RNA aminoacylation
@ amino acid activation
tRNA aminoacylation for protein translation
RNA modification
intraciliary anterograde transport

DNA double-strand break processing
@ N-glycan processing

mRNA
transcription

@ regulation of nucleobase-containing compound transport

Protein
translation

regulation of lymphocyte activation
T cell activation

@ leukocyte cell-cell adhesion

@regulation of cell-cell adhesion

positive regulation of leukocyte activation

positive regulation of cell activation

) mononuciear cell proliferation

D lymphocyte proliferation

‘vegulahon of T cell activation

@ eukocyte proliferation Adaptive
@ regulation of lymphocyte proliferation .

@ regulation of mononuclear cell proliferation immune

@ regulation of leukocyte proliferation

@mononuclear cell differentiation response

adaptive immune response based on somatic recombination of immune receptors
adaptive immune response

@ lymphocyte mediated immunity

@eukocyte mediated immunity

positive regulation of immune effector process

@regulation of immune effector process

@ regulation of leukocyte mediated immunity

cell activation involved in immune response

@ leukocyte activation involved in immune response

myeloid leukocyte activation

cell kiling

immune response-regulating cell surface receptor signaling pathway
activation of immune response

immune response-regulating signaling pathway

positive regulation of immune response

regulation of inflammatory response Innate
ositive regulation of response to external stimulus .
positive regulation of cytokine production immune
{ @ response o ipopolysacctaride response

Presponse to molecule of bacterial origin
cellular response to biotic stimulus
@cytokine-mediated signaling pathway
[ & granulocyte migration
myeloid leukocyte migration
@ leukocyte migration
P humoral immune response
Paetense response to bacterium
external encapsulating structure organization
ngiogenesis
etection of chemical stimulus involved in sensory perception of smell
ensory perception of smell
letection of chemical stimulus involved in sensory perception
ensory perception of chemical stimulus
etection of chemical stimulus

etection of stimulus involved in sensory perception
etection of stimulus

Figure 4—Functional enrichment analysis of 12 genes regulated by eQTL rs9271176 in the cerebral cortex. This eQTL is a GWAS-significant locus of
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cytosolic Ca®* within excitatory neurons
and reduced glutamate synaptic clear-
ance/defense against oxidative stress by
astrocytes. Increased cytosolic Ca®® in
neurons impairs cell bioenergetics via mi-
tochondrial dysfunction and ATP deple-
tion and enhances oxidative stress and
proapoptotic signaling (12). This glutama-
tergic dysregulation may develop as a re-
sult of subtle metabolic aberrations that
arise during prediabetes and that include
impaired brain-tissue glucose metabolism
(15), insulin resistance (16), and hyperin-
sulinemia (17).

Lastly, we identified a single nucleotide
polymorphism associated with HbA;-
related cortical thinning (i.e., PC1 of HbA,.
and CT). This locus regulates genes involved
in immune function, synaptic function, axo-
nal transport, and ATP generation (Fig. 4).
Neurons and their synapse-related pro-
cesses require high levels of ATP generated
by mitochondria, which are replenished via
axonal transport (18). Thus, the identified
locus may enhance (pre)diabetes-related
weak excitotoxicity by heightening the de-
pletion of ATP (12).

The strengths of this study lie in its in-
novative methodologic approaches, in-
cluding a segmented regression analysis
that uncovered the nonuniform associa-
tion between HbA;. and CT, and the inte-
gration of cell type—specific transcriptomic
data that implicated specific cell types
involved. The study is limited by its

examination of a single ancestry (British-
European) (Supplementary Figs. 7 and 8)
and cross-sectional design. The duration
of prediabetes was unknown, which may
have been a contributor, and exclusion
of participants with stroke may restrict
generalizability.

Overall, our findings stress the impor-
tance of enhanced glycemic control early
in the natural history of T2D to protect
brain health, and they implicate potential
cellular and biologic processes involved.
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