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Heme Oxygenase-1 Gene (GT)n
Polymorphism Linked to Deep White
Vatter Hyperintensities, Not Periventricular
Hyperintensities
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BACKGROUND: Oxidative stress plays a principal role in the pathogenesis of white matter hyperintensities (WMHSs). The induc-
tion of heme oxygenase-1 (HO-7) gene in the brain represents 1 of the pivotal mechanisms to counteract the noxious effects
of reactive oxygen species, and the transcriptional modulation of HO-7 induction depends on the length of a GT-repeat (GT)
n in the promoter region. We investigated whether the HO-7 gene (GT)n polymorphism is associated with the risk of WMHSs.

METHODS AND RESULTS: A total of 849 subjects from the memory clinic were consecutively enrolled, and the HO-7 (GT)n
genotype was determined. WMHs were assessed with the Fazekas scale and further divided into periventricular WMHs and
deep WMHs (DWMHs). Allelic HO-1 (GT)n polymorphisms were classified as short (<24 (GT)n), median (25<[GT]n<31), or
long (31<[GT]n). Multivariate logistic regression analysis was used to evaluate the effect of the HO-7 (GT)n variants on WMHSs.
The number of repetitions of the HO-7 gene (GT)n ranged from 15 to 39 with a bimodal distribution at lengths 23 and 30.
The proportion of S/S genotypes was higher for moderate/severe DWMHSs than none/mild DWMHSs (22.22% versus 12.44%;
P=0.001), but the association for periventricular WMHs was not statistically significant. Logistic regression suggested that
the S/S genotype was significantly associated with moderate/severe DWMHSs (S/S versus non-S/S: odds ratio, 2.001 [95%
Cl, 1.323-38.027]; P<0.001). The HO-1 gene (GT)n S/S genotype and aging synergistically contributed to the progression of
DWMHs (relative excess risk attributable to interaction, 6.032 [95% ClI, 0.149-11.915]).

CONCLUSIONS: Short (GT)n variants in the HO-1 gene may confer susceptibility to rather than protection from DWMHs, but not
periventricular WMHSs.

REGISTRATION: URL: https://www.chictr.org.cn; Unique identifier: ChiCTR2100045869.
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hite matter hyperintensities (WMHs) are fre-
quently observed on brain magnetic resonance
imaging (MRI) scans in the elderly population.'-

WMHSs are often regarded as an indicative sign of cere-
bral small-vessel disease and are linked to an increased

risk of cognitive impairment and dementia, including
Alzheimer disease (AD).*~" With increasing age, there
is a substantial increase in the occurrence of WMHSs.
In individuals aged 60 to 70years, the occurrence of
WMHSs ranges between 68% and 87%, whereas in
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CLINICAL PERSPECTIVE
What Is New?

e |n a study of 849 patients from a memory clinic,
our results support the presence of genetic het-
erogeneity in deep white matter hyperintensities
(DWMHS) in brain magnetic resonance imag-
ing, compared with periventricular white matter
hyperintensities.

e Short (GT)n repeat sequence of the heme ox-
ygenase-1 (HO-7) gene was associated with
DWMHs but not periventricular white matter
hyperintensities.

e Short (GT)n repeat sequence of HO-T gene
synergizes with aging on the development of
DWMHs.

What Are the Clinical Implications?

e Qur findings provide evidence for variation in
the pathophysiology of white matter hyperin-
tensities in distinct brain regions, specifically
in periventricular white matter hyperintensities
compared with DWMHSs, highlighting the need
for customized interventions targeting each of
these areas.

e HO-1, an essential regulator in the cellular anti-
oxidant defense, also exerts significant relevant
control over the iron-mediated neuronal and
glial cell death pathway. HO-1 may act syner-
gistically with aging and participate in the de-
velopment of DWMHs; further investigations are
warranted to investigate HO-1 as a promising
therapeutic target with potential to delay or even
reverse DWMHs.

Nonstandard Abbreviations and Acronyms

DWMH deep white matter hyperintensity
PVH periventricular white matter hyperintensity
WMH  white matter hyperintensity

those aged 80 to 90years, the prevalence even surges
to 95% to 100%.8-© WMHSs represent a multifaceted
and heterogeneous condition that is intricately linked
to the process of aging and also influenced by multi-
ple genetic and environmental factors.!'? Although the
precise mechanisms responsible for the formation of
WMHs remain incompletely understood, accumulating
evidence suggests that cellular oxidative stress, which
is perturbed as a consequence of ischemia, hypoxia,
and inflammation, plays a pivotal role in the pathogen-
esis of WMHSs,'3'® particularly in patients with deep
white matter hyperintensities (DWMHs).!6:17
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Shorter HO-1 (GT)n Predisposes DWMHs

Heme oxygenase-1 (HO-1), encoded by the HO-1
gene at 22q12, is an inducible heme oxygenase that is ex-
pressed at low levels under normal conditions in the brain;
however, its activity is elevated in response to oxidative
stress factors, such as ischemia, hypoxia, and inflamma-
tory response, and it plays a pivotal role in exerting anti-
inflammatory and antioxidant cytoprotective effects.'®-2°
The major regulator of HO-7 gene expression is the (GT)n
repeat polymorphism site located at the 5" end of the HO-1
promoter region. The shorter the (GT)n repeat sequence,
the higher the level of HO-1 promotor activity.?"?? HO-1
degrades the free heme, which has pro-oxidative, proin-
flammatory, and cytotoxic effects, and breaks it down into
carbon monoxide, Fe?*, and biliverdin, the latter of which
is subsequently converted to bilirubin by biliverdin reduc-
tase. Previous studies have reported that HO-1 exerted
anti-inflammatory, antioxidative stress, and antiapoptotic
protective effects in a variety of disease processes.?>2°
Recent investigations, however, have shed light on the po-
tential detrimental effects of HO-7 gene overexpression. It
has been found that excessive accumulation of Fe** and
CO can impair mitochondrial and cellular integrity through
the activation of the iron death pathway.*>3' For instance,
the upregulation of the neuroglial HO-1 gene has been
linked to the abnormal accumulation of iron in the brain,
intracellular damage caused by oxidative stress, and im-
paired bioenergetics in disorders like AD.%? One potential
hypothesis is that polymorphisms at the upstream promo-
tor of the HO-7 gene might be implicated in the onset and
progression of WMHSs by the aforementioned regulatory
pathways. However, there is currently no clinical evidence
to corroborate this assertion.

The aim of this study was to investigate the associ-
ation between length of GT(n) repeat sequence of the
HO-1 gene and severity of WMHSs, and further to evalu-
ate the synergistic effects of HO-7 (GT)n with other risk
factors associated with WMHSs.

METHODS

The data supporting this study’s findings are avail-
able from the corresponding author upon reasonable
request.

Study Population
This was a perspective cross-sectional study, and the
study protocol was approved by the institutional review
board (KYKT2021-013), and informed written consent
was obtained from all patients. We included consecu-
tive patients attending the memory clinic service from
January 2020 to January 2023 at the 10th Affiliate
Hospital, Southern Medical University.

The inclusion criteria were as follows: (1) age
>18years; (2) no metal implants, claustrophobia, or
other contraindications to perform MRI scans; and (3)
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Participants from memory
clinic enrolled in the study (n=961)
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Severe liver and kidney disease: 8
Intracranial infection: 5

Multiple sclerosis: 3
Neuromyelitis optica: 1

Y

Multiple system atrophy: 2

Autoimmune encephalopathy: 4
Neuroinclusion body disease: 2
Intracranial tumors: 5

History of radiation therapy to the head: 3

( 928 eligible patients )—>

no cranial MRI: 78
no DNA testing data: 1

Screening

A

(849 patients in final analysis)
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SS genotype
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non-SS genotype
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SS genotype
n=60

non-SS genotype
n=210

Figure 1. Flowchart of the study population.

DMHW indicates deep white matter hyperintensity; and MRI, magnetic resonance imaging.

patient or proxy signed informed consent. Exclusion
criteria were as follows: (1) severe hepatic and renal
insufficiency, hematological disorders, previous bone
marrow transplantation, and radiotherapy; (2) WMHs
attributable to other definite causes (eg, intracranial
infections, inflammatory demyelinating diseases, au-
toimmune encephalitis, tumors, or previous radiother-
apy); (3) poor MRI quality for analysis; and (4) genetic
test results not completed or not available.

Clinical information, including age, sex, and athero-
sclerotic risk factors, was recorded using a standard-
ized table by experienced neurologists. Laboratory
tests performed 6hours after admission on a fasting
basis included measurements of total cholesterol (TC),
low-density lipoprotein cholesterol, high-density lipo-
protein cholesterol, homocysteine, uric acid, total bili-
rubin, direct bilirubin, and indirect bilirubin.

Magnetic Resonance Protocol

All participants in our memory clinic service underwent
multimodal brain MRI as part of the protocol, including
T1-weighted imaging, T2-weighted imaging, magnetic
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resonance angiography, and fluid-attenuated inversion
recovery. Magnetic resonance images were acquired
using a 3T Siemens Prisma MR scanner (Siemens
Healthcare, Germany) with a 32-channel head coil
for reception. WMHs were defined as hyperintense
signal abnormalities in the white matter tracts on
fluid-attenuated inversion recovery or T2-weighted im-
ages. According to the Fazekas scale, both deep and
periventricular WMHs were coded from O to 3, for a
total score of O to 6.%3 Lesions displaying high signal
intensity within 10mm of the ventricle were classified
as periventricular white matter hyperintensities (PVHs),
whereas WMHs surrounded by brain tissue were des-
ignated as DWMHSs.34% The Fazakas scale was as-
sessed by 2 senior neurologists (X.L.F. and J.T.L.) and
neuroimaging specialists (Z.S.) who were blinded to
the clinical and genetic information. Any disagree-
ments were resolved through negotiation.

Genetic Testing

The assessment of (GT)n repeat sequence in the
promoter region of the HO-7 gene was conducted
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Table 1. Characteristics of 849 Patients According to PVHs and DWMHs
PVHs Fazekas PVHs Fazekas DWMHSs Fazekas DWMHSs Fazekas

Characteristic 0 to 2 (n=729) 3 (n=120) P value 0to1 (n=579) 2 to 3 (n=270) P value
Age, y 65 (54-74) 74 (69-79) <0.001 64 (53-72) 73 (67-78) <0.001
Male sex, n (%) 409 (56.1) 76 (63.3) 0.138 323 (55.8) 162 (60.0) 0.248
Education, y 7.0+£3.3 6.5+2.8 0.079 7.0+3.6 6.7£2.7 0.223
MMSE score 26.3£2.7 26.0+4.0 0.297 26.3+2.9 26.0+3.3 0.180
Risk factors, n (%)

Hypertension 479 (65.7) 107 (89.2) <0.001 355 (61.3) 231 (85.6) <0.001

Diabetes 213 (29.2) 44 (36.7) 0.100 163 (28.2) 94 (34.8) 0.049

Hyperlipidemia 228 (31.3) 33 (27.5) 0.406 188 (32.5) 73 (27.0) 0.110

Smoking 199 (27.3) 35(29.2) 0.671 159 (27.5) 75 (27.8) 0.923

Stroke 184 (25.2) 63 (52.5) <0.001 123 (21.2) 124 (45.9) <0.001
Laboratory tests

TC, mmol/L 4.60 (3.8-5.5) 4.40 (3.6-5.1) 0.022 4.60 (3.9-5.5) 4.40 (3.6-5.2) 0.006

HDL-C, mmol/L 111 (0.9-1.9) 1.09 (0.9-1.3) 0.406 111 (0.9-1.3) 1.11 (0.9-1.9) 0.562

LDL-C, mmol/L 2.92 (2.2-3.7) 2.77 (1.9-3.4) 0.094 2.94 (2.3-3.7) 2.80 (2.0-3.5) 0.043

Homocysteine, 10.98 (9.0-13.6) 12.79 (11.0-16.1) <0.001 10.61 (8.8-13.3) 12.29 (10.6-14.8) <0.001

umol/L

T-bil, umol/L 12.50 (9.6-16.9) 12.80 (9.7-18.0) 0.641 12.60 (9.6-16.6) 12.00 (9.5-17.5) 0.961

D-bil, umol/L 3.70 (2.3-5.2) 3.95 (2.5-6.0) 0.083 3.80 (2.4-5.1) 3.70 (2.2-6.0) 0.474

I-bil, pmol/L 9.10 (6.8-12.0) 8.65 (6.3-12.8) 0.586 9.20 (6.9-11.9) 8.70 (6.3-12.4) 0.585

Uric acid, umol/L 364.40 (301.1-439.0) 37410 (288.7-451.6) 0.765 365.95 (299.6-440.1) 364.40 (300.0-446.5) 0.700
HO-1 (GT)n genotype, 0.219 0.005
n (%)

SS 108 (14.8) 24 (20.0) 72 (12.4) 60 (22.2)

SM 241 (33.1) 35 (29.2) 199 (34.4) 77 (28.5)

SL 111 (15.2) 17 (14.2) 83 (14.3) 45 (16.7)

MM 122 (16.7) 22 (18.3) 107 (18.5) 37 (13.7)

ML 110 (15.1) 21 (17.5) 92 (15.9) 39 (14.4)

LL 37 (56.1) 1(0.8) 26 (4.5) 12 (4.4)

Non-SS 621 (85.2) 96 (80.0) 0.146 507 (87.6) 210 (77.8) <0.001

Data are presented as mean +SD, median (quartile 1—quartile 3), or number (percentage) and analyzed using the Student ¢ test, Mann-Whitney U test,
or the x® test as appropriate. D-bil indicates direct bilirubin; DWMH, deep white matter hyperintensity; HDL-C, high-density lipoprotein cholesterol; HO-1,
heme oxygenase-1; I-bil, indirect bilirubin; LDL-C, low-density lipoprotein cholesterol; MMSE, Mini-Mental State Examination; PVH, periventricular white matter

hyperintensity; T-bil, total bilirubin; and TC, total cholesterol.

following previously reported techniques.?® Genomic
DNA was isolated from peripheral blood (DNA
Extraction Kit, TIANGEN Biochemical Technology).
Specific primers were designed according to the
conserved sequence of the variable number tandem
repeat of the promoter region (GT) of the HO-7 gene
(HO-1-F: 5’-GAA GGT GAC CAA GTT CAT GCT AGA
GCC TGG GGT TGC TAA GT,; HO-1-R: 5-ACA GCT
GAT GCC CAC TTT CT). The polymerase chain re-
action products were labeled with a 6-fluorescein
amidites forward primer (5’-GAA GGT GAC CAAGTT
CAT GCT), and the fragment size was determined on
a capillary sequencer (ABI 3730xI DNA Analyzer). To
ensure accurate and reproducible sizing, all samples
underwent a minimum of 2 independent polymerase
chain reactions, with the obtained results validated
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to be accurate within +1 GT repeats. Genotyping
was performed by laboratory personnel who were
blind to the clinical and imaging data.

Consistent with prior investigations in Asian popu-
lations, we observed that 23 and 30 (GT)n were the
dominant alleles within our study cohort. We therefore
selected 25 (GT)n and 30 (GT)n as cutoffs to classify
study subjects in the genetic analysis. GT repeat of
<24 was designated as the short allele, the repeats be-
tween 25 and 30 as the median allele, and the repeats
of >31 as the long allele.

Statistical Analysis

Statistical analysis was performed using SPSS
(IBM SPSS 26.0 Statistics, Chicago, IL) and R4.2.3
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Figure 2. HO-1 (GT)n genotype distribution of study population.
A, Histogram of allele frequency distribution for all subjects. B, Joint distribution of HO-7 VNTR length on each allele. The numbers
represent the number of subjects, and the darker the color, the greater the number of subjects. HO-1 indicates heme oxygenase-1;

and VNTR, variable number tandem repeat.

(R Foundation for Statistical Computing, Vienna,
Austria). Continuous variables were presented as
the mean+SD if normally distributed; otherwise, they
were presented as the median (interquartile range).
Categorical variables were presented as frequency
and percentage. Comparisons between groups were
performed using Welch t test, the x? test, or Fisher
exact test. In the multivariate logistic regression anal-
ysis, variables demonstrating statistical significance
with P<0.05 were included in model 2, whereas those
with P<0.1 were considered for inclusion in model
3. The Kaplan-Meier curve of the cumulative prob-
ability of moderate/severe DWMHSs with age accord-
ing to SS versus non-SS genotypes was presented.
All tests were 2 tailed, and P<0.05 was considered
significant.

RESULTS

Baseline Characteristics and HO-7 (GT)n
Repeat Sequence Genotypes

A total of 961 consecutive subjects at the memory
clinic were enrolled during the study period. Among
them, 8 had comorbid serious liver and renal dys-
function, 25 were identified with other definite cause
of WMHSs, 1 did not yield successful gene sequencing
results because of unsuccessful assay, and 78 lacked
good quality MRI for accurate analysis. A total of 849
eligible patients were included in the final analysis. The
flowchart is presented in Figure 1.

J Am Heart Assoc. 2024;13:e033981. DOI: 10.1161/JAHA.123.033981

The mean+SD age of the study population was
68.8+13.5years, and 571% (485/849) were men.
Among them, 69.0% (586 cases) presented with hy-
pertension, 30.3% (257 cases) with diabetes, 30.7%
(261 cases) with hyperlipidemia, 27.6% (234 cases)
with smoking, and 29.1% (247 cases) with a history of
stroke (Table 1).

The number of (GT)n repeats of the HO-1 gene
ranged from 15 to 39, showing a bimodal distribution
with peaks at lengths 23 and 30, which accounted for
19.8% and 32.7% of the alleles, respectively (Figure 2).
The predominant genotypes were (GT),4/(GT),, (N=56,
6.6%) and (GT),y/(GT);, (=100, 11.8%). The alleles
were divided according to the number of (GT)n re-
peats of the HO-1 gene (5<24, M=25-30, and L>31),
and the genotypes were subsequently classified into
6 subtypes: S/S (n=132, 15.5%), S/M (n=276, 32.5%),
S/L (n=128, 15.1%), M/M (n=144, 17.0%), M/L (n=131,
15.4%), and L/L (n=38, 4.5%).

Association Between WMHs and (GT)n
Repeat Sequence of the HO-1 Gene

On the basis of the distinctive characteristics of
PVH and DWHM in terms of pathologic mecha-
nisms and imaging assessment,*5-%¢ subjects were
divided into 4 groups according to the Fazekas
scores for PVHs and DWMHSs: 729 cases of none/
mild PVHs with Fazekas O to 2, 120 cases of se-
vere PVHs with Fazekas 3, 579 cases of none/mild
DWMHs with Fazekas O to 1, and 270 cases of
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Table 3. Association of HO-1 (GT)n Genotypes With
DWMHs

Variable OR (95% CI) P value
SS Reference

SM 0.466 (0.302-0.717) 0.001
SL 0.643 (0.390-1.059) 0.083
MM 0.415 (0.250-0.689) 0.001
ML 0.509 (0.306-0.846) 0.009
LL 0.563 (0.262-1.210) 0.141
Non-SS vs SS 0.497 (0.340-0.726) <0.001

Adjusted for age and sex. DWMH indicates deep white matter
hyperintensity; HO-1, heme oxygenase-1; and OR, odds ratio.

moderate/severe DWMHSs with Fazekas 2 to 3. The
(GT)n repeat sequence in the HO-1 gene was sub-
sequently examined and compared. The proportion
of S/S genotypes was higher in the moderate/severe
DWMH group compared with the none/mild DWMHs
group (22.2% versus 12.4%; P=0.001), but no further
discrepancies of genotypes were detected between
PVH groups (Tables 1 and 2).

The clinical characteristics of patients with mod-
erate/severe  DWMHs were examined using uni-
variate comparisons. Compared with the subjects
with none/mild DWMHSs, the subjects with moder-
ate/severe  DWMHs were older (72.1+10.3versus
60.6+13.3years; P<0.001), more likely to have hy-
pertension (85.6% versus 61.3%; P<0.001), diabetes

moderate/severe DWMHSs

OR (95%Cl)

15 20 25 30
HO-1 gene (GT)n length of the shorter allele

Figure 3. Restricted cubic spline of the association of
the HO-1 variable number tandem repeat length with the
moderate/severe DWMHSs.

Blue lines show the cutoffs we applied. DWMHSs indicates deep
white matter hyperintensities; HO-1, heme oxygenase-1; and OR,
odds ratio.
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(34.8% versus 28.2%; P=0.049), and stroke (45.9%
versus 21.2%; P<0.001), had higher levels of homo-
cysteine (12.3 versus 10.6 umol/L; P<0.001), but lower
levels of total cholesterol (4.4 versus 4. 6mmol/L;
P=0.006) and low-density lipoprotein cholesterol (2.8
versus 2.9 mmol/L; P=0.043) (Table 1).

Adjusting for age and sex, the multivariate logistic
model revealed that subjects with the S/S homozy-
gote genotype were significantly associated with an
increased risk of moderate/severe DWMHSs. The non-
S/S subjects had a significantly lower risk of moder-
ate/severe DWMHSs (odds ratio [OR], 0.497 [95% ClI,
0.340-0.726]; P<0.001). Additionally, specific geno-
types showing statistical significance in terms of mod-
erate/severe DWMH risk included the following: S/M
genotype (OR, 0.466 [95% ClI, 0.303-0.717]; P=0.001),
M/M genotype (OR, 0.415 [95% CI, 0.250-0.689];
P=0.001), and M/L genotype (OR, 0.509 [95% CI,
0.306-0.846]; P=0.009) (Table 3). However, no signif-
icant associations were detected between the HO-7
genotype and PVHs (Table S1).

Sensitivity analysis was performed using restricted
cubic splines to evaluate the exact nature of the cor-
relation between the HO-7 gene (GT)n repeat length of
the shorter allele and the presence of moderate/severe
DWMHSs, without consideration of predefined cutoff
criteria. Remarkably, the analysis yielded significant
findings for the shorter allele (P=0.0085) and provided
a post hoc confirmation of the predefined cutoff values
of 24 and 31 (Figure 3).

Synergistic Effects of HO-1 (GT)n With
Age on the Progression of WMHs

To elucidate the interaction between traditional risk
factors for moderate/severe DWMHs and the HO-1
(GT)n genotype, stratified analyses were conducted. In
the younger population aged <60years, subjects with
the S/S genotype exhibited an OR of 1.711 (95% CI,
0.632-4.628; P=0.290) for moderate/severe DWMHs
in comparison to subjects with non-S/S genotypes.
In contrast, among the older adult population (aged
>B0vyears), subjects with the S/S genotype had a sig-
nificantly higher OR of 2.033 (95% CI, 1.304-3.168;
P=0.002) for moderate/severe DWMHSs. Considering
the disparate risks observed in relation to S/S geno-
type exposure, we proceeded with further interaction
analyses. The summed interaction regression model
revealed significant interaction between age and S/S
genotype, namely, the relative excess risk attributable
to interaction (6.032 [95% CI, 0.149-11.915]), the at-
tributable proportion due to interaction (0.512 [95% Cl,
0.239-0.784]), and the synergy index (2.268 [95% ClI,
1.188-4.330Q]). In contrast, no significant interaction ef-
fects were observed for sex, hypertension, diabetes,
and stroke history with S/S genotype (Figure 4).
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Subgroups Number Adjusted OR (95%Cl) P value RERI (95%Cl) AP (95%Cl) S (95%Cl)
All patients 849 :—-— 2.001 (1.323, 3.027) 0.001
Age,y i 6.032 (0.149, 11.915) 0.512 (0.239, 0.784) 2.268 (1.188, 4.330)
<60 272 - 1.711 (0.632, 4.628)  0.290
260 577 i—-— 2.033 (1.304, 3.168)  0.002
Sex i 0.303 (-1.853, 2.458) 0.099 (-0.574,0.773) 1.173 (0.372, 3.702)
Female 364 i—-— 2.224 (1.165, 4.245) 0.015
Male 485 i—-— 1.880 (1.095, 3.227)  0.022
Hypertension | 3.084 (-0.207,6.376) 0.503 (0.173,0.833) 2.506 (0.982, 6.394)
no 263 -E—-— 1.713 (0.720, 4.077)  0.224
yes 586 | —— 2.330 (1.426, 3.807) 0.001
Diabetes i 1.216 (-0.974, 3.406) 0.404 (-0.107,0.915) 2.529 (0.496, 12.890)
no 592 :r—-— 1.707 (1.016, 2.867)  0.043
yes 257 |—— 2.554 (1.270, 5.138)  0.009
Stroke i —0.558 (-3.935, 2.819) —0.137 (-1.054, 0.780) 0.846 (0.293, 2.448)
no 602 i —— 2.732 (1.653,4.515)  <0.001
yes 247 —— 1.327 (0.610,2.885) 0.476
0123456738
Decrease Increase

Figure 4. Forest plot of the OR of predictors for moderate/severe deep white matter hyperintensities, stratified by age,
hypertension, diabetes, and stroke history.
AP indicates attributable proportion due to interaction; OR, odds ratio; RERI, relative excess risk attributable to interaction; and

S, synergy index.

In further survival analysis, the Kaplan-Meier curve
demonstrated the cumulative probability of moderate/
severe DWMHs with aging in S/S genotype subjects
was significantly increased compared with non-S/S
genotype subjects (log-rank test, P=0.050) (Figure 5).

DISCUSSION

The main finding of this study was that the HO-7 gene
promotor (GT)n repeat polymorphism was independently
associated with the progression of moderate/severe

DWMHs, whereas there was no significant correlation
with PVHs. Specifically, SS-type homozygotes were
positively associated with moderate/severe DMWHS,
with shorter (GT)n being associated with a higher risk of
DWMHSs; and there was a synergetic effect of S/S ho-
mozygotes with age on the progression of DWMHSs.
WNMHs represent a notable imaging characteristic of
cerebral small-vessel disease. The higher prevalence
of WMHs in Asian populations may be predominantly
influenced by genetic predisposition.®®4°  Although
genome-wide association studies have identified mul-
tiple polymorphic loci linked to WMHSs,*'#? the available

1.00
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o ~
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Cumulative event probability of DWMH
o
o
X
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Genotype
— 88
-+ Others

18 35 50 60 70

Age, years

80 %

Figure 5. Kaplan-Meier curve demonstrates the cumulative probability of moderate/severe DWMHs
with aging in SS genotype subjects is significantly increased compared with non-SS genotype
subjects (log-rank test, P=0.050). DWMHs indicates deep white matter hyperintensities.
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evidence fails to offer intricate insights into the underly-
ing gene function. By using a candidate gene screen-
ing approach, we discovered that (GT)n polymorphic
loci in the HO-7 promoter region were associated with
DWMHSs, representing a novel finding in the patho-
genesis of WMHs. Notably, individuals carrying the
SS genotype showed a significantly elevated risk of
moderate/severe DWMHs. This is consistent with the
genetic heterogeneity featuring the WMHs. However,
this polymorphic locus was not significantly associated
with PVHSs, consistently suggesting that WMHs in dif-
ferent brain regions may not be entirely homogeneous
in terms of pathogenesis.*344

HO-1 plays an important role in cellular protection
against oxidative damage through its scavenging of
heme and production of bioactive molecules. Previous
studies have reported that the HO-7 gene promoter
S allele is protective against a variety of diseases. Gill
et al analyzed 544 autopsy brain tissue samples and
found that the shorter HO-7 (GT)n allele increased
HO-1 promoter activity, which could provide neuro-
protection by reducing neuroimmune activation and
reduce the risk of HIV-related encephallitis.?® In a large
sample case-control study, Rueda et al reported the
protective effect of the HO-7 promoter (rs3074372) S
allele against rheumatoid arthritis.?® Clinical studies
from cardiovascular diseases have also reported that
the HO-1 (GT)n S allele possesses a certain degree
of protection against disease susceptibility, ejection
fraction, and mortality in subjects with coronary artery
disease.?>?4?" |n contrast to earlier investigations, the
present study revealed disparate findings, possibly at-
tributable to the fact that the cytoprotective effects of
HO-1 may vary depending on the specific cells, tis-
sues, and pathologic conditions.

Previous studies have reported conflicting outcomes
on the impact of HO-1, revealing both neuroprotective
and detrimental effects.?%4® One possible mechanism
by which the induction of HO-1 provides cellular pro-
tection is through the catabolism of pro-oxidative he-
moglobin and production of Fe?*, CO, and bilirubin to
scavenge reactive oxygen species. On the other hand,
heme-derived iron and CO may exacerbate intracellu-
lar oxidative stress and cellular damage by promoting
the generation of free radicals within the mitochondrial
compartment. Experimental studies have found that
sustained activation of the (Nuclearfactor erythroidde-
rived 2-like 2) Nrf2/HO-1 pathway in mouse astrocytes
induced oligodendrocyte apoptosis and hindered my-
elin regeneration.*® In contrast, HO-7 knockout mice
had reduced reactive oxygen species and cell apopto-
sis in brain tissue.*” Not only has the HO-7 gene been
identified as a major relevant differentially expressed
gene promoting iron death, but the promotion of HO-1
overexpression in translational research has emerged
as a promising potential target for tumor therapy.*84°
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Aging is an important cause of WMHSs. Our results
also suggested that aging and the HO-7 gene might
act synergistically on the progression of WMHSs.
Myelin degeneration and loss occur in all primates
with age.®® The effect of HO-1 on the WMH progres-
sion becomes more prominent with the aging pro-
cess, which is consistent with the finding that high
expression of HO-7 affects myelin repair, as found
on the mouse model of AD.%8 In addition, compared
with youth, in the aged brain, microglia are overacti-
vated and astrocytes readily undergo conversion to
a proinflammatory phenotype, and an increase in in-
flammatory factors may be 1 of the intrinsic reasons
why the HO-7 promoter region is activated and thus
involved in the progression of WMHSs in the aging
population.®!

This study has some limitations. First, it was a single-
center study from a memory clinic. Because of the lack
of AD phenotype assessment, it cannot be excluded
that the association of HO-7 with WMHs may be con-
founded by potential influence of other factors, such as
AD phenotypes, and some caution is needed in gen-
eralizing the results in the general population, which
needs to be further validated in other cohorts. Second,
our study only examined the (GT)n repeat of HO-1 gene.
There is a possibility that the observed association was
actually attributable to other polymorphisms that were
correlated with the (GT)n repeat. Further study is war-
ranted to perform a validation of HO-1 enzyme activity
in the brain, and elucidation of the mechanism needs
to be analyzed in the laboratory using cellular or ani-
mal models. Third, we performed a semiquantitative
assessment of WMHSs using the Fazakas scale and did
not further analyze more detailed anatomic burdens
of WMHs, whereas spatial distribution specificity of
WMHs may vary during pathophysiological processes.
This needs to be validated in a larger sample size of
clinical imaging cohorts.

CONCLUSIONS

The polymorphic locus of the HO-7 gene (GT)n in the
Chinese population was significantly correlated with
DWMHSs. Future studies need to be conducted in other
populations with larger sample sizes. Further investiga-
tion is necessary to elucidate the physiological function
of HO-1 and unravel the molecular mechanisms that
contribute to the development of WMHSs, as this could
unveil a promising therapeutic target for WMHs.
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