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Kratak sadr`aj

Uvod:Uvod: Ova studija je ispitivala fazno zavisne (akutna, sub-
akutna i faza oporavka) promene u osi sirtuin 1 (SIRT1)–
proteina visoke mobilnosti grupe B1 (HMGB1) u perifer-
noj krvi nakon ishemijskog mo`danog udara (IMU), kao i 
saglasnost izme|u enzimski povezanog imunosorbentnog 
testa (ELISA) i te~ne hromatografije visokih performansi 
(HPLC) za odre|ivanje serumskog nikotinamid adenin di-
nukleotida (NAD+).
Metode:Metode: U studiju je uklju~eno 80 pacijenata sa IMU, 
koji su svrstani u akutnu, subakutnu ili fazu oporavka pre-
ma vremenu proteklom od nastanka simptoma, kao i 40 
zdravih ispitanika uskla|enih po uzrastu i polu. Mereni 
su serumski nivoi SIRT1, HMGB1, acetilisanog HMGB1, 
NAD+, interleukina-1b, faktora tumorske nekroze alfa i 
interleukina-10. Odre|ena je i ekspresija mRNK SIRT1, 
HMGB1, inducibilne azot-monoksid sintaze i arginaze-1 u 
perifernoj krvi. Saglasnost izme|u ELISA i HPLC metoda 
za odre|ivanje NAD+ procenjena je Bland-Altman anal-
izom.
Rezultati:Rezultati: U akutnoj fazi, serumski nivoi SIRT1 i NAD+ bili 
su najni`i, dok su HMGB1, acetilisani HMGB1, proinflam-
atorni citokini i odnos inducibilne azot-monoksid sintaze i 
arginaze-1 bili najvi{i (P<0,05). Tokom subakutne faze i 
faze oporavka, SIRT1 i NAD+ su se postepeno pove}ava-
li, dok su HMGB1 i Ac-HMGB1 opadali, uz pribli`avanje 
pokazatelja inflamatorne ravnote`e kontrolnim vrednosti-
ma. Serumski SIRT1 je u akutnoj fazi negativno korelirao 
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Summary 

Background:Background: This study investigated phase-related (acute, 
subacute, and recovery phases) changes in the periph-
eral blood sirtuin 1 (SIRT1)-high mobility group box 1 
(HMGB1) axis after ischemic stroke (IS) and evaluated 
agreement between enzyme-linked immunosorbent assay 
and high-performance liquid chromatography for serum 
nicotinamide adenine dinucleotide (NAD+) measurement.
Methods:Methods: Eighty patients with IS were classified as acute, 
subacute, or recovery phase according to time from on-
set, and 40 age- and sex-matched controls were includ-
ed. Serum SIRT1, HMGB1, acetylated HMGB1, NAD+, 
interleukin-1 beta, tumour necrosis factor-alpha, and in-
terleukin-10 were measured. Peripheral blood expression 
of SIRT1, HMGB1, inducible nitric oxide synthase, and 
arginase-1 messenger RNA was determined. Agreement 
for NAD+ measurement was assessed by Bland-Altman 
analysis.
Results:Results: In the acute phase, serum SIRT1 and NAD+ were 
lowest, whereas HMGB1, acetylated HMGB1, proinflam-
matory cytokines, and the inducible nitric oxide synthase/
arginase-1 ratio were highest (P<0.05). Across the sub-
acute and recovery phases, SIRT1 and NAD+ increased 
while HMGB1 and Ac-HMGB1 declined, with inflamma-
tory balance indices trending toward control levels. Se-
rum SIRT1 correlated negatively with FMA in the acute 
phase (r =-0.737) and positively in the recovery phase 
(r=0.641). For NAD+ quantification, ELISA and HPLC 

Address for correspondence:
Tao Kang
Department of Neurology, Xi’an International Medical 
Centre Hospital
Xian, Shaanxi, 710100, China
e-mail: kangtao0709ª163.com



2 Bai: Sirtuin 1–HMGB1 axis in ischemic stroke

Introduction

High mobility group box 1 (HMGB1), a pro-
totypical damage-associated molecular pattern, is 
released from injured neurons and glia under isch-
emic and hypoxic stress. Once extracellular, HMGB1 
can engage inflammatory signalling pathways such 
as TLR4/NF-kB, amplifying microglial activation 
and the production of mediators including IL-1b 
and TNF-a, thereby aggravating secondary injury 
and worsening motor outcomes (1, 2). In contrast, 
sirtuin 1 (SIRT1), an NAD+-dependent deacetylase, 
is widely regarded as a neuroprotective regulator in 
cerebral ischemic injury; via deacetylation of down-
stream substrates, it can temper oxidative stress 
and inflammatory signalling (3, 4). Although the 
SIRT1–HMGB1 axis has been implicated in several 
inflammation-related conditions, its phase-depen-
dent biochemical behaviour after ischemic stroke 
(IS) – particularly in relation to recovery – has not 
been well characterized (5). The study by Yao W et 
al. (6), showed that SIRT1 can deacetylate key lysine 
residues on HMGB1, thereby restricting its nucleo-
cytoplasmic translocation and limiting extracellular 
release, thereby dampening downstream inflamma-
tory signalling. Clinically, higher circulating HMGB1 
levels have been associated with more severe neu-
rological deficits in IS, while pharmacological acti-
vation of SIRT1 has been linked to reduced tissue 
injury through improved microcirculation and inhi-
bition of maladaptive glial responses (7). However, 
much of the available work has evaluated SIRT1 or 
HMGB1 in isolation. A coherent, cross-sectional 
view of how the combined axis behaves across the 
trajectory from inflammatory initiation to resolution 
and repair after IS – and how that trajectory aligns 
with motor recovery – remains limited.

Against this background, the present study fo-
cused on the regulatory network cantered on the 
deacetylation of the SIRT1–HMGB1 axis. We tracked 
its laboratory profile across the acute, subacute, and 
recovery phases of IS. We examined whether chang-
es in this axis were aligned with markers of polar-
ization balance (iNOS and Arg-1) and with motor 
function, as captured by the FMA (8).

Materials and Methods

Sample source

Eighty patients with IS treated at our hospital’s 
Department of Neurology between January 2024 
and December 2024 were enrolled as the case co-
hort. During the same period, 40 individuals under-
going routine physical examination were recruited 
as healthy controls.

Sample size calculation

Sample size was estimated using serum 
HMGB1 as the primary variable, assuming an 
expected difference of approximately 3.2 ng/mL 
between healthy individuals and acute-phase IS 
patients/mL based on previous literature (8) and 
preliminary experiments, with an SD of 1.5 ng/
mL. Using PASS 15.0 with a two-sided a=0.05 
and b=0.2 (80% power) and an effect size d=0.8, 
the minimum required size was 23 participants 
per group. To accommodate loss to follow-up and 
analytical variability, each IS-phase subgroup was 
expanded to 25–28 cases (total n=80), and the 
control group was set to 40 participants (50% of 
the case cohort) to maintain adequate power for 
intergroup comparisons.

Inclusion and exclusion criteria

Exclusion criteria: ① Haemorrhagic stroke 
or mixed stroke; ② A history of major neurologi-
cal disorders (e.g., Parkinson’s disease, Alzheimer’s 
disease); ③ Recent use of immunosuppressants, 
anti-inflammatory agents, or medications known to 
affect SIRT1 activity; ④ Incomplete clinical data.

Inclusion criteria (control group): Age- and 
sex-matched to the case cohort, no history of cere-
brovascular disease or other severe organic disease, 
and no recent use of medications that materially 
influence inflammatory responses or SIRT1 activity.

sa FMA skorom (r=-0,737), a u fazi oporavka pozitivno 
(r=0,641). Za kvantifikaciju NAD+, ELISA i HPLC poka-
zale su dobru saglasnost, sa pribli`no 90% podudarnosti u 
uzorcima pacijenata sa IMU.
ZakljuZaklju~ak:ak: Periferni krvni indeksi koji su povezani sa osom 
SIRT1–HMGB1 pokazuju fazno zavisne promene nakon 
ishemijskog mo`danog udara, pra}ene paralelnim prom-
enama u inflamatornom statusu i motori~koj funkciji. ELI-
SA metoda pokazuje prihvatljivu saglasnost sa HPLC za 
merenje serumskog NAD+.

Klju~ne re~i: biomarkeri, HMGB1 protein, ishemijski 
mo`dani udar, NAD+, sirtuin 1, faza oporavka

demonstrated generally good agreement, with approxi-
mately 90% agreement in IS samples.
Conclusion:Conclusion: Peripheral blood indices related to the SIRT1-
HMGB1 axis show phase-dependent changes after IS and 
are accompanied by parallel changes in inflammatory sta-
tus and motor function. Enzyme-linked immunosorbent 
assay showed acceptable agreement with high-perfor-
mance liquid chromatography for serum NAD+ measure-
ment.

Keywords: biomarkers, HMGB1 protein, ischemic 
stroke, NAD+, Sirtuin 1, recovery phase
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Grouping design

Participants were allocated to four groups: 
healthy controls (n=40), IS acute phase (onset 7 
days, n=27), IS subacute phase (onset 8–14 days, 
n=28), and IS recovery phase (onset 15–90 days, 
n=25). The time window criteria for IS staging were 
adopted from previous clinical studies of ischemic 
stroke (9). Peripheral blood was collected from Par-
ticipants. This study was conducted in full accor-
dance with the ethical principles of the Declaration 
of Helsinki and its later amendments. The Ethics 
Committee of Xi’an International Medical Centre 
Hospital approved the study protocol. Written in-
formed consent was obtained from all participants in 
both the case and control groups before enrolment. 

Main reagents and instruments
Human SIRT1, HMGB1, and acetylated 

HMGB1 (Ac-Lys29) ELISA kits (Yilei Te Biotech-
nology Co., Ltd., Wuhan; Huamei Biotechnology 
Co., Ltd., Wuhan); human IL-1b, TNF-a, and IL-10 
ELISA kits (Boster Biological Technology Co., Ltd., 
Wuhan); human NAD+ ELISA kit (Jiancheng Bioen-
gineering Institute, Nanjing); Trizol reagent, reverse 
transcription kit, and qPCR kit (Invitrogen; TaKaRa); 
RNA extraction kit (Tiangen Biochemical Technol-
ogy Co., Ltd., Beijing). StepOnePlus™ Real-Time 
PCR System (Thermo Fisher); Multiskan FC Micro-
plate Reader (Thermo Fisher); Agilent 1260 HPLC 
System (Agilent Technologies); Centrifuge 5810R 
refrigerated centrifuge (Eppendorf); DW-86L626 
ultra-low temperature freezer (Haier Biomedical); 
NanoDrop 2000 spectrophotometer (Thermo Fish-
er). The intra-assay coefficient of variation (CV) for 
all ELISA kits was <5%, and the inter-assay CV was 
<8%, both within kit quality control specifications.

Sample processing and detection methods
Peripheral blood sample processing
Fasting venous blood (8 mL) was collected 

from each participant in the early morning. Four mil-
lilitres were placed into a serum tube, allowed to clot 
at room temperature for 30 min, and centrifuged 

at 3000 rpm for 15 min. Serum was aliquoted and 
stored at -80 °C for ELISA and HPLC. The remain-
ing 4 mL were collected into an EDTA tube, gently 
inverted to mix, and centrifuged at 3000 rpm for 
10 min to obtain plasma for total RNA extraction. 
Extracted RNA was either reverse-transcribed imme-
diately or stored at -80 °C until use.

ELISA

Assays were performed according to the man-
ufacturers’ protocols to measure serum SIRT1, 
HMGB1, Ac-HMGB1, IL-1b, TNF-a, IL-10, and 
NAD+.

qPCR detection

Total RNA was extracted from plasma using 
Trizol. RNA purity and concentration were assessed 
by spectrophotometry, and cDNA was generated by 
reverse transcription. qPCR was run with GAPDH as 
the reference gene. Relative mRNA expression of 
SIRT1, HMGB1, iNOS, and Arg-1 was calculated 
using the 2-DDCt method. Cycling conditions were: 95 
°C for 30 s; 40 cycles of 95 °C for 5 s and 60 °C 
for 30 s. The primer sequences were designed and 
constructed by Suzhou Synda Gene Technology Co., 
LTD (Table I).

HPLC

Serum NAD+ was quantified by HPLC using 
a C18 column. The mobile phase consisted of 
methanol and 0.05 mol/L potassium dihydrogen 
phosphate buffer; flow rate, 1.0 mL/min; detection 
wavelength, 260 nm; column temperature, 
30 °C; injection volume, 20 mL. Samples were 
protein-precipitated with methanol at a ratio of 
methanol:serum = 3:1, vortexed, incubated on ice 
for 10 min, centrifuged, filtered, and injected. Peaks 
were identified by retention time against an NAD+ 
standard and quantified by peak area to verify the 
ELISA results. Method validation for HPLC detection 
of serum NAD+ was performed. The linear range 
was 0.5–50.0 mmol/L (R2=0.998). The limit of 

Table I Primer sequences.

Gene F (5’3’) R (5’3’) bp

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 197

SIRT1 GGCAGAAATGGCAAAGTGGAC TCTCGGAGCTGCTATGTCTGT 156

HMGB1 AGCCTCAAAAGGAAGACGAGG GGATGGCCTTCTTCTGCTTG 142

iNOS (NOS2) CCCTTCCGAAGTTTCTGGCAGC GGCTGTCAGAGCCTCGTGGCT 189

Arginase-1 (ARG1) CAGACCAGGGTCCTGGACAA TCACAGTCTTCCCAAGCTGGT 163
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detection (LOD) was 0.12 mmol/L, and the limit of 
quantification (LOQ) was 0.36 mmol/L. Intra-day 
precision was < 3%, inter-day precision was < 5%, 
and the sample recovery rate was 92.6%–105.3%.

Agreement analysis between ELISA and HPLC 
for serum NAD+

The agreement between ELISA and HPLC for 
serum NAD+ measurement was evaluated in paired 
serum samples. Bland-Altman analysis was used 
to assess consistency, with the agreement range 
defined as ±1.96 SD of the mean difference. The 
proportion of paired results within this range was 
defined as the agreement rate. HPLC was used as 
the comparative method for laboratory evaluation of 
ELISA-derived NAD+ results.

Laboratory quality control

Serum and plasma samples were subjected 
to no more than 2 freeze-thaw cycles. Laboratory 
personnel performing ELISA and HPLC were blind-
ed to group assignment. All assays were performed 
according to the manufacturer’s instructions and 
standard operating procedures. Samples were pro-
cessed under the same pre-analytical conditions 
and analysed using a uniform workflow. Quality 
control materials (lot numbers: QC-SIRT-001, QC-
HMGB-002) were included in each analytical run, 
and deviations within ±10% of the target value were 
considered acceptable; samples with obvious hae-
molysis, lipemia, or clotting were excluded.

Motor function assessment

Motor function was assessed at onset (7 
days; acute), 8–14 days (subacute), and 15–90 
days (recovery) by two trained neurologists blinded 
to group assignment using the Fugl–Meyer Assess-
ment (FMA), a 100-point scale of motor function 
(10). The FMA covers six domains (including upper 
limb, lower limb, and balance), with a maximum 
score of 100; higher scores indicate better motor 
performance. The mean of the two ratings was used 
for analysis.

Statistical analysis

SPSS 26.0 was used for statistical analyses. 
Continuous variables are presented as mean ± 
standard deviation, and one-way analysis of variance 
(ANOVA) was used for intergroup comparisons, with 
LSD-t tests for post hoc pairwise comparisons. Cat-
egorical variables are presented as n (%), and the 
c2 test was applied for group comparisons. Normal-
ity was tested using the Shapiro-Wilk test. Pearson 

correlation was used for normally distributed data, 
and Spearman correlation for non-normally distrib-
uted data. Confounding factors (hypertension, dia-
betes, hyperlipidaemia, and coronary heart disease) 
were adjusted by analysis of covariance (ANCOVA) 
in group comparisons and by partial correlation in 
SIRT1–FMA correlation analysis. The agreement be-
tween ELISA and HPLC for NAD+ quantification was 
evaluated using Bland-Altman analysis. A two-sided 
P<0.05 was considered statistically significant.

Results

Summary

Collectively, changes in the SIRT1-HMGB1 
axis were consistent with parallel shifts in inflamma-
tory factor levels and the iNOS/Arg-1 ratio across 
acute, subacute, and recovery phases after IS.

Analysis of baseline comparability

Baseline characteristics were comparable 
across groups for sex, age, and BMI (P>0.05) (Ta-
ble II).

Comparison of Serum SIRT1 and HMGB1

Serum SIRT1 concentrations differed among 
groups (P<0.05). Controls showed the highest 
SIRT1 levels, whereas acute-phase patients had the 
lowest. SIRT1 increased progressively during the 
subacute and recovery phases, and values in the 
recovery phase were not significantly different from 
those in controls (P>0.05). Serum HMGB1 and 
Ac-HMGB1 showed an inverse pattern relative to 
SIRT1 (P<0.05). Both markers peaked in the acute 
phase: HMGB1 increased by more than threefold 
and Ac-HMGB1 by more than sixfold compared with 
controls. Concentrations declined in the subacute 
and recovery phases, and HMGB1 in the recovery 
phase approximated control values (P>0.05). The 
Ac-HMGB1/HMGB1 ratio was highest in the acute 
phase (0.53±0.17) and remained higher in the re-
covery phase than in controls (P<0.05). Relative 
mRNA expression of SIRT1 and HMGB1 in peripher-
al blood differed among groups (P<0.05) and mir-
rored the serum protein patterns. SIRT1 mRNA was 
lowest in the acute phase and rose across phases; 
in the recovery phase, it reached 0.83±0.11 and 
did not differ significantly from controls (P>0.05). 
HMGB1 mRNA was highest in the acute phase 
(3.33±0.053) and decreased toward control levels 
by the recovery phase (P>0.05) (Figure 1).
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Table II Comparison of baseline clinical data among all groups.

Control 
Group

Acute 
Phase

Subacute 
Phase

Recovery 
Phase c2 (or t) P

n=40 n=27 n=28 n=25

Sex 0.081 0.994

Male 23 (57.5) 16 (59.3) 17 (60.7) 15 (60.0)

Female 17 (42.5) 11 (40.7) 11 (39.3) 10 (40.0)

Age 61.9±6.2 64.6±8.6 60.6±8.3 61.8±8.4 1.183 0.319

BMI 23.2±2.1 23.6±1.5 23.1±1.9 23.4±2.3 0.296 0.828

History of Hypertension 8 (20.0) 21 (77.8) 22 (78.6) 20 (80.0) 38.122 <0.001

History of Diabetes 6 (15.0) 15 (55.6) 16 (57.1) 14 (56.0) 18.583 <0.001

History of Hyperlipidaemia 7 (17.5) 18 (66.7) 19 (67.9) 17 (68.0) 26.694 <0.001

History of Coronary Heart 
Disease 4 (10.0) 10 (37.0) 11 (39.3) 9 (36.0) 10.012 0.019

Smoking 4.123 0.249

Yes 7 (17.5) 10 (37.0) 10 (35.7) 8 (32.0)

No 33 (82.5) 17 (63.0) 18 (64.3) 17 (68.0)

Infarct Site 1.357 0.968

Middle Cerebral Artery - 19 (70.4) 20 (71.4) 18 (72.0)

Lobar Area - 4 (14.8) 4 (14.3) 3 (12.0)

Vertebrobasilar Artery Area - 3 (11.1) 3 (10.7) 4 (16.0)

Multifocal - 1 (3.7) 1 (3.6) 0 (0.0)

Figure 1 Comparisons of Serum SIRT1 and HMGB1.

(a) Serum SIRT1 concentration; (b) Serum HMGB1 concentration; (c) Serum Ac-HMGB1 concentration; (d) Serum Ac-HMGB1/
HMGB1 ratio; (e) Relative mRNA expression level of SIRT1; (f) Relative mRNA expression level of HMGB1. n=40 (control), 27 
(acute), 28 (subacute), 25 (recovery). *P<0.05 vs. control group, #P<0.05 vs. acute phase, &P<0.05 vs. subacute phase.
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Comparison of Serum Inflammatory Factor 
and iNOS/Arg-1

Serum IL-1b and TNF-a concentrations dif-
fered among groups (P<0.05). Both were marked-
ly elevated in the acute phase, rising by more than 
sixfold and fivefold, respectively, relative to controls. 
Levels declined during the subacute phase and did 
not differ significantly between the recovery phase 
and controls (P>0.05). IL-10 exhibited an oppos-
ing pattern (P<0.05), with a modest increase in the 
acute phase and peaking at (27.10±5.84) pg/mL 
in the subacute phase. Although IL-10 decreased in 

the recovery phase, it remained higher than in con-
trols (P<0.05). Consistently, the (IL-1b+TNF-a)/
IL-10 ratio was highest in the acute phase, fell sharp-
ly in the subacute and recovery phases, and was 
lower than in controls (P<0.05). Secondly, in the 
acute phase, iNOS mRNA expression was highest 
and Arg-1 expression lowest, yielding a peak iNOS/
Arg-1 ratio (7.15±1.77). In the subacute phase, 
iNOS decreased while Arg-1 increased, resulting in 
a declining ratio. In the recovery phase, Arg-1 ex-
pression approached control values (P>0.05), con-
sistent with a shift toward restoration of polarization 
balance (Figure 2).

Figure 2 Comparisons of Inflammatory Factor and iNOS/Arg-1.

(a) Serum IL-1b concentration; (b) Serum TNF-a concentration; (c) Serum IL-10 concentration; (d) (IL-1b + TNF-a)/IL-10 ratio; 
(e) Relative mRNA expression level of iNOS; (f) Relative mRNA expression level of Arg-1; (g) iNOS/Arg-1 ratio. n=40 (control), 
27 (acute), 28 (subacute), 25 (recovery). *P<0.05 vs. control group, #P<0.05 vs. acute phase, & P<0.05 vs. subacute phase.

Figure 3 Serum NAD+ concentrations measured by ELISA and HPLC, and consistency analysis among groups.

(a) Serum NAD+ concentration detected by HPLC; (b) Serum NAD+ concentration detected by ELISA; (c) Bland-Altman consis-
tency analysis of NAD+ detection results. n=40 (control), 27 (acute), 28 (subacute), 25 (recovery). *P<0.05 vs. control group, 
#P<0.05 vs. acute phase, &P<0.05 vs. subacute phase.
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Analysis of serum NAD+ concentration and 
detection consistency

Both HPLC and ELISA showed a concordant 
phase-dependent pattern of serum NAD+ in IS. The 
healthy control group exhibited the highest NAD+ 
concentration, which fell markedly in the acute 
phase and then increased progressively through the 
subacute and recovery phases. Notably, NAD+ lev-
els in the recovery phase did not differ significantly 
from those in controls (P>0.05). Method compar-
ison indicated generally good agreement between 
ELISA and HPLC for NAD+ quantification. Based on 
the Bland-Altman consistency analysis, agreement 
in IS samples was approximately 90%, supporting 
the practical use of ELISA for batch testing, whereas 
agreement in the control group was comparatively 
lower (78.07±10.21%) (Figure 3).

Correlation between Serum SIRT1 and FMA 
Score

The FMA score was lowest in the acute phase 
group (30.816±7.14 points), indicating severe mo-
tor dysfunction. Scores increased in the subacute 
phase and further rose to 83.56±5.87 points in the 
recovery phase group, suggesting marked motor im-
provement. The healthy control group had no rele-
vant scores and was not included in the comparison. 
Correlation analysis showed a significant association 
between serum SIRT1 concentration and FMA score 
(P<0.05): a negative correlation was observed in 
the acute phase group (r=-0.737), whereas a pos-
itive correlation was found in the recovery phase 
group (r=0.641) (Figure 4).

Discussion

The present study showed clear phase-related 
changes in peripheral blood laboratory indices after 

IS (11). In the acute phase, serum SIRT1 and NAD+ 
were reduced, whereas HMGB1, Ac-HMGB1, IL-
1b, and TNF-a were increased. During the subacute 
and recovery phases, SIRT1 and NAD+ differed 
significantly across phases, while HMGB1 and Ac-
HMGB1 declined.

An important finding of this study was the 
opposite pattern observed for SIRT1/NAD+ and 
HMGB1/Ac-HMGB1. Because SIRT1 is NAD+ 
dependent, its activity is closely coupled to NAD+ 
availability (12). Here, serum NAD+ decreased 
significantly in acute-phase IS and followed the 
same direction of change as serum SIRT1, which 
is consistent with the view that NAD+ depletion 
may constrain SIRT1 deacetylation capacity early 
after injury (13). Concurrently, serum HMGB1 and 
its acetylated form (Ac-HMGB1) increased sharply, 
and the Ac-HMGB1/HMGB1 ratio peaked while 
SIRT1 reached its nadir, consistent with a negative 
regulatory relationship between SIRT1 and HMGB1 
acetylation. Mechanistically, these data suggest that 
SIRT1 may deacetylate HMGB1 lysine residues 
(e.g., Lys29), limiting nucleocytoplasmic translo-
cation and extracellular release (14). When SIRT1 
activity is insufficient, HMGB1 acetylation and re-
lease increase, and downstream pathways, such as 
TLR4/NF-kB, are activated, promoting a surge of 
proinflammatory mediators (15). In our data, IL-1b 
and TNF-a were elevated in the acute phase and 
changed in parallel with Ac-HMGB1, consistent with 
prior mechanistic reports (16). Importantly, these re-
lationships were captured in a clinical sample setting 
rather than an experimental model.

Inflammation resolution represents an active 
process that shapes tissue repair after IS (17). By 
combining serum mediator profiling with polariza-
tion-related transcripts, our data suggest that the 
SIRT1–HMGB1 axis is aligned with the balance be-
tween iNOS (M1-leaning) and Arg-1 (M2-leaning) 
signals (18). In a study by Zhao X et al. on articular 

Figure 4 Correlation analyses between Serum SIRT1 concentration and FMA Score.

(a) Correlation in acute phase; (b) Correlation in subacute phase; (c) Correlation in recovery phase. Correlation analysis between 
serum SIRT1 concentration and FMA score in each phase; P<0.05 for significant correlations.



8 Bai: Sirtuin 1–HMGB1 axis in ischemic stroke

chondrocytes, they found that acetylated HMGB1 
amplifies NF-kB activity, promoting iNOS tran-
scription and M1 polarization (19), whereas resto-
ration of SIRT1 activity reduces HMGB1 acetylation 
and restrains inflammatory signalling, permitting 
Arg-1-associated, M2-leaning programs to domi-
nate (20). These previous studies may explain the 
current study’s findings. However, this study did not 
conduct mechanistic verification at the cellular level, 
and the above inferences regarding the association 
between the SIRT1-HMGB1 axis and microglial po-
larization still need to be further confirmed by sub-
sequent basic experiments.

In this cohort, improvement in the laboratory 
profile – higher NAD+/SIR–T1, lower HMGB1 and 
Ac-HMGB1, and a more favourable pro-to-anti-in-
flammatory balance – occurred alongside rising 
FMA scores. In the study by Zhang W et al. (21), 
resolution of inflammation reduces ongoing injury 
to neurons and synapses, creating conditions more 
permissive for remodelling. In addition, anti-inflam-
matory mediators such as IL-10, often associated 
with M2-leaning states, may support repair pathways 
by favouring trophic signalling and the reconstruc-
tion of disrupted circuits (22). The persistently high-
er IL-10 in the later phases, together with improved 
FMA scores, is consistent with this interpretation.

Finally, ELISA and HPLC showed a similar 
phase-dependent pattern for serum NAD+, and 
Bland-Altman analysis indicated generally good 
agreement in IS samples. This finding supports the 
practical value of ELISA for higher-throughput mea-
surement of serum NAD+ in this setting. However, 
the lower agreement observed in controls indicates 
that matrix effects or a narrow concentration range 
may influence consistency between methods. 

This study had several limitations. First, the 
case group had a significantly higher prevalence of 
hypertension, diabetes, hyperlipidaemia, and cor-
onary heart disease than the control group, which 
may exert confounding effects on the results. Sec-
ond, this cross-sectional design lacked longitudinal 
follow-up of the same individuals, so intra-individual 
dynamic changes in the SIRT1-HMGB1 axis could 

not be clarified. Third, this was a single-centre study 
with a modest sample size, and causal inference 
was not possible. Fourth, HMGB1 acetylation was 
evaluated by targeted ELISA rather than site-specific 
structural analysis.

Conclusion

Peripheral blood SIRT1, HMGB1, Ac-HMGB1, 
NAD+, and inflammation-related indices showed 
phase-dependent changes after IS. Differences in 
FMA scores across disease phases accompanied 
these laboratory changes. The findings suggest a 
correlation of the SIRT1–HMGB1 axis with post-
stroke inflammatory status and motor recovery. ELI-
SA and HPLC showed generally good agreement 
for serum NAD+ measurement in IS samples. The 
phase-dependent changes in the SIRT1-HMGB1 
axis identified in this study may provide potential 
peripheral blood biomarkers for evaluating the in-
flammatory state, disease course, and prognosis in 
patients with ischemic stroke.
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