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[Glyl4]-Humanin ameliorates
high glucose-induced endothelial
senescence via SIRT6

Mugin Li*%37, Zhihua Liul’7, Xueqin Cao®’, Wenjin Xiao!, Shurong Wang?,
Chengyuan Zhao'*, Ying Zhao** & Ying Xiel*™*

High glucose (HG) induced endothelial senescence is related to endothelial dysfunction and
cardiovascular complications in diabetic patients. Humanin, a member of mitochondrial derived
peptides (MDPs), is thought to contribute to aging-related cardiovascular protection. The goal of
the study is to explore the pathogenesis of HG-induced endothelial senescence and potential anti-
senescent effects of Humanin. Human umbilical vein endothelial cells (HUVECs) were exposed to
glucose to induce senescence, determined by B-galactosidase staining and the expressions of p21,
p53, and p16. A clinically relevant dose of HG (15 mM, HG) induced endothelial senescence after 72 h
incubation without elevated apoptosis. HG-induced senescence was attributed to the induction of
reactive oxygen species (ROS) caused by SIRT6 downregulation, as ROS inhibitor N-acetyl cysteine
blocked HG-induced senescence, while inactivation of SIRT6 increased ROS levels and promoted
senescence. Strikingly. pretreatment with [Gly14]-Humanin (HNG) antagonized the downregulation
of SIRT6 in response to HG and alleviated ROS production and cell senescence. HG-induced reduction
of SIRT6 results in ROS overproduction and endothelial senescence. Humanin protects against HG-
induced endothelial senescence via SIRT6. This study provides new directions for biological products
related to Humanin to be a potential candidate for the prevention of vascular aging in diabetes.
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Abbreviations

HNG [Gly14]-Humanin

SIRT6 Sirtuin type-6

MDPs Mitochondrial-derived peptides
HG High glucose

ROS Reactive oxygen species

NAC N-acetyl cysteine

DM Diabetes mellitus

CVD Cardiovascular disease

HUVECs  Human umbilical vein endothelial cells
ECM Endothelial cell growth medium
ECGS Endothelial cell growth supplement
FBS Fetal bovine serum

CCK-8 Cell counting kit-8

PBS Phosphate buffered saline

PI Propidium iodide
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Diabetes mellitus (DM) is a group of metabolic diseases characterized by hyperglycemia caused by the direct or
indirect deficiency of insulin. Inadequate metabolic management of diabetes can lead to long-term complications,
including both macrovascular events and microvascular events'=. In particular, atherosclerotic cardiovascular
diseases (CVD) and other macrovascular problems have emerged as the leading causes of mortality in diabetic
patients*. Prevention of cardiovascular complications in diabetic patients has thus received more and more
attention.

Various pathological changes in diabetic patients, such as hyperglycemia, hyperlipidemia, and inflammatory
stress, played a significant part in the development of atherosclerotic cardiovascular complications”*.
Atherosclerotic plaques are initiated by endothelial dysfunction®!?, a hallmark of numerous cardiovascular
diseases!'!. Numerous recent investigations have shown that endothelial dysfunction is partly a consequence
of vascular endothelial cell (EC) senescence!?, one of the most dangerous factors in age-related cardiovascular
disease'®. Cell senescence in diabetes could be the direct consequence of high glucose!*!*and hyperglycemia-
induced senescence fuels the development of endothelial dysfunction'®!”. Thus, it is of utmost importance to
impede endothelial senescence in the treatment of vascular complications associated with diabetes mellitus.

In high glucose (HG) conditions, accumulated glycation end products'®, impaired mitochondrial function',
disordered metabolism?, etc. can all stimulate cellular stress, thereby promoting the production of cellular
reactive oxygen species. The induction of reactive oxygen species (ROS) has been implicated in the induction
and maintenance of cell senescence process?! 2. Of note, the concentration of glucose used in these studies is
above 25 mM?*. This is much higher than the plasma glucose concentration of most diabetic patients that is
controlled below 11 mmol/L. More importantly, substantial cell apoptosis is induced by HG at the dose of 30
mM?® and may interfere with the exploration of the mechanism of HG-induced senescence. Therefore, in the
current study, we chose 15 mM HG to more accurately simulate the clinical pathophysiology of HG-induced
senescence and figure out a more precise target for clinical treatment.

Humanin, the first member of identified mitochondrial derived peptides (MDPs), plays a cytoprotective role
in modulation of mitochondrial function and ROS production under stressful and senescence conditions®.
More importantly, Humanin is essential for endothelial cells to prevent dysfunction in a mouse model of
atherosclerosis?’. Our previous study proved that 30 mM HG reduces the level of Humanin in human umbilical
vein endothelial cells (HUVECs) and pretreating HUVECs with 1uM [Glyl4]-Humanin (HNG), a potent
analogue) prevents endothelial cell apoptosis via the reduction of ROS*. However, whether HNG exerts a
protective effect on HG-induced endothelial senescence remains unclear.

In the current study, we explored the pathogenesis of clinically relevant HG-induced endothelial senescence
and determined the potential effects of HNG on endothelial protection from senescence. Our data indicates
ROS is the key player in the HG-induced endothelial senescence and reduction of ROS contributes to the anti-
senescent effect of HNG.

Methods

HUVEG s isolation and cell treatment
HUVECs were freshly isolated from individual umbilical cord veins, collected immediately after delivery (39 to
41 weeks), by collagenase digestion?’. The Second Affiliated Hospital of Soochow University Ethical Committee
approved the study, and participants provided informed consent in accordance with the Declaration of Helsinki
(JD-LK-2022-095-01).

Primary HUVECs were cultured in Endothelial cell growth media with endothelial growth media Supplement
Mix (ScienCell, San Diego, California, USA, cat. n0.1001) under standard cell culture conditions (37 °C, S%COZ)
and used for experiments from passages 6 to 10 until 70-80% confluency. The endothelial growth media
contained 5.5mM glucose and supplemented to determined concentration according to different experimental
treatments. HG treatment was performed by treating HUVECs with 15 mM or 30 mM glucose for 24 h, 48 h,
or 72 h. Controls were performed in the presence of media with normal glucose alone (5.5 mM). High osmotic
control was maintained by culturing cells in high mannitol culture media (9.5 mM mannitol plus 5.5 mM glucose
or 24.5 mM mannitol plus 5.5 mM glucose). To determine the involvement of reactive oxygen species (ROS)
in HG-induced endothelial senescence, HUVECs were treated with or without antioxidant N-acetyl cysteine
(NAC) (purity >99%, Beyotime Biotechnology, Shanghai, China, S0077) at 5 mM. To investigate the effect of
SIRT6 on senescence, HUVECs were pretreated with OSS-128,167 (purity >99%, Selleck Chemicals, Shanghai,
China, $S8627), a specific SIRT6 inhibitor at 100 pM for 18 h3’before exposure to HG. To evaluate the anti-
senescence effects of HNG (purity > 99%, Sigma, St. Louis, MO, USA, H6161), cells were pretreated with HNG
before exposure to HG, Based on our previous research, the treatment of HNG at 1 uM for 3 h is considered as
effective treatment time and concentration®.

Cell counting kit-8 (CCK-8) assay

Cell proliferation was measured by cell counting kit-8 (CCK-8) assay. Cell counting kit-8 (CCK-8) kits were
obtained from Med Chem Express (New Jersey, USA, HY-K0301). HUVECs were seeded in 96-well microliter
plates at a density of 5x 10° cells/well, and then treated with high glucose or high osmotic for 72 h with or
without pretreatment of HNG. Subsequently, CCK-8 solution was added to each well (1:10 dilution) and then
incubated at 37 °C for 2 h. Optical density (OD) was recorded at 450 nm to calculate the relative ratio of cell
proliferation. Three independent experiments were conducted to assess the cell proliferation.

Senescence-associated-B-galactosidase activity
SA-pB-gal staining was performed according to the manufacturer’s instructions. The Senescence f-Galactosidase
Staining Kit was purchased from KeyGEN BioTECH (Nanjing, China, KGPAG001). HUVECs were washed
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three times in phosphate buffer saline (PBS) (PH 6.0) before being fixed for 30 min in the fixative solution
(0.01 M phosphate buffer, 2% formaldehyde, 0.2% glutaraldehyde), washed with PBS (PH 6.0) three times,
and then incubated in fresh B-galactosidase staining solution at 37 °C without CO, overnight (over 12 h). The
number and proportion of SA-B-gal positive cells (more than 50% cyanosis ratio) were counted by randomly
selected 5 microscopic fields from each group. Those positive cells were counted by two independent people and
three independent experiments were conducted.

Western blot analysis

The total protein of HUVECs was extracted with radio immunoprecipitation assay (RIPA; Beyotime, Shanghai,
China, P0013B) solution and the concentration of protein was detected using a BCA kit (ThermoFisher Scientific,
Wilmington, DE, USA, 23227). Total protein (30 pg) was loaded in 10% SDS-PAGE and then transferred to a
PVDF membrane (Millipore Corporation, Massachusetts, USA, ISEQ00010). The membrane was then blocked
with 5% low-fat milk and 0.1% Tween-20 in Tris-buffered saline for 1 h at room temperature for binding non-
specific sites. Following, the membrane was cut according to the molecular weight of the target protein and
subjected to immunoblotting with corresponding primary antibodies (overnight at 4 °C). After complete washing
with 0.1% Tween-20 in Tris-buffered saline (TBST), the membrane was incubated with secondary antibody
conjugated with horseradish peroxidase (1:5000, Abcam, Cambridge, England, 97051), and the immunoreactive
bands were visualized using an ECL Western Blotting Substrate kit (NCM Biotech, Suzhou, China, P10300).
Densitometric analysis of the protein bands was performed using Image]J software. The relative expression level
of target proteins was normalized to the intensity of the B-actin band. Three independent experiments were
performed for statistical analysis. Primary antibodies included p21 (1:1000, Invitrogen, Wilmington, DE, USA,
701151), p53 (1:500, Wanleibio, Shenyang, China, WL01919), p16 (1:500, Zenbio, Chengdu, China, R22878),
Cyclin D1 (1:1000, Cell Signaling Technology, Boston, USA, 2922 S) and B-actin (1:5000, Sigma, St. Louis, MO,
USA, A3854). The protein ladders were purchased from ThermoFisher Scientific (Wilmington, DE, USA, 26616)
and Fude biological technology (Hangzhou, China, FD0671).

RNA isolation and real-time quantitative PCR

RNA was isolated from cells using Trizol LS reagent (Invitrogen, Wilmington, DE, USA, 10296010) according
to the manufacturer’s instructions. RNA quality was measured by Nanodrop spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). cDNA was synthesized from approximately 1000 ng of the RNA for each
experiment using a RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Wilmington, DE,
USA, K16225). The mRNA expression of 18 S, SIRT6, P53, P21, and P16 was quantified with SYBR green-based
quantitative real-time PCR using a PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, Wilmington,
DE, USA, A25742) on an ABI-7500 (Life Technologies, Darmstadt, Germany) PCR System, and analyzed using
the 2724Ct method. CT values above 35 were defined as undetectable. The mRNA levels of SIRT6, P53, P21, and
P16 were normalized to those of 18 S to assess the significance of the differences between the groups and three
independent experiments were conducted. The primer sequences were as follows: SIRT6, forward 5-TCCCCG
ACTTCAGGGGTC-3, reverse 5'-GTTCTGGCTGACCAGGAAGC-3'; P53, forward 5'-CCTCAGCATCTTAT
CCGAGTGG-3' and reverse 5'-TGGATGGTGGTACAGTCAGAGC-3'; P21, forward 5'-AGGTGGACCTGGA
GACTCTCAG-3' and reverse 5'-TCCTCTTGGAGAAGATCAGCCG-3'; P16, forward 5 -AGGTCATGATGA
TGGGCAGC-3' and reverse 5'-AATCGGGGATGTCTGAGGGA-3', Cyclin D1 forward 5'- CTGTGCTGCGA
AGTGGAAAC-3' and reverse 5'- TCTGTTTGTTCTCCTCCGCC-3, and 18 S, forward 5'-TCAACACGGGA
AACCTCAC-3" and reverse 5'-CGCTCCACCAACTAAGAAC-3".

Cell apoptosis assay

The cells were cultured in normal or high glucose conditions for 24 h, 48 h, or 72 h. The percentage of cells
undergoing apoptosis was determined by an Annexin V-FITC apoptosis assay kit (YEASEN, Beijing, China,
40302ES60) according to the manufacturer’s introductions. The HUVECs were planted in 12-well plates for
experimental treatment, and then washed three times with phosphate buffer saline (PBS) and then centrifuged
at 800 g for 5 minutes, collecting approximately 3x 10° cells. Following, the cells were suspended in 500 pL
of binding buffer containing 3 uL FITC-conjugated annexin V antibody and 10 pL propidium iodide (PI)
and incubated at room temperature for 15 min in the dark. The apoptotic rate of cells was detected by a flow
cytometer (BD Biosciences, San Jose, CA, USA) within half an hour, and 3000 cells were measured each time.
Propidium Iodide and Annexin V-FITC were mapped in vertical and horizontal coordinates respectively, and
the Annexin V positive cells were identified as apoptotic cells. Three independent experiments were conducted.

Measurement of ROS levels

ROS generation was measured by Reactive Oxygen Species Assay Kit (Beyotime Biotechnology, Shanghai, China,
S0033s). The HUVECs were harvested and suspended in 500 pL of serum-free medium containing DCFH-DA
(1:1000 dilution) and incubated at 37 ‘C for 20 min in the dark. Wash the cells three times with serum-free cell
culture medium to fully remove DCFH-DA that has not entered the cells. DCFH fluorescence was detected by
the flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed by Flowjo software (Treestar, Ashland,
OR). Three independent experiments were performed for statistical analysis.

Wound healing assay

HUVECs were seeded in 6-well plates at a density of 7x 10°cells/well and cultured in different experimental
conditions for different experimental purposes. The scratch was made using a 200 pL pipette tip and washed
with phosphate buffer saline three times®!. Images were taken at the same location using a brightfield inverted
microscope at 0, 24, and 36 h after wounding. The furthest distance migrated by the cell monolayer to close
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the wounded area during this time period was measured with Image] software and calculated by minus 0 h
respectively. Results were expressed as a migration index—that is, the migration distance of cells with different
treatments relative to that of control cells at the same time point. Experiments were carried out in triplicate and
repeated at least three times.

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay

The cell proliferation of HUVECs was detected by 5-ethynyl-2-deoxyuridine (EdU) incorporation assay. The
Cell-LightTM EdU Apollo In Vitro Kit was purchased from Ribobio (Guangzhou, China, C10310-1). After
treatment, the HUVECs were incubated and labeled with EdU. After fixation, Apollo staining and Hoechst
staining were performed according to the manufacturer’s instructions. Subsequently, EQU staining images were
obtained with a fluorescence microscope (Olympus, Japan). The results were calculated from three independent
experiments.

Transient transfection

HUVECs were seeded in 6-well plates and transfection began when cells had grown to about 50%. The
transfection mixture was prepared by mixing serum-free medium, siRNA and Lipofectamine 3000 reagent (Life
Technologies, Carlsbad, CA, USA) at a ratio of 50:5:1. 2 ml ECM and 400 ul transfection mixture were added to
each cell well and transfection efficiency was determined by western blotting 48 h after transfection. siRNAs for
SIRT6 (human) (5'-CCCUGGUCUCCAGCUUAAATT-3" and 5'-UUUAAGCUGGAGACCAGGGTT-3') were
purchased from GenePharma (Shanghai, China).

Statistical analyses

Results were expressed as mean + SEM values, and analyzed by GraphPad Prism software (GraphPad Software,
La Jolla, CA, USA). Normality and lognormality were assessed with Shapiro-Wilk test using a=0.05, and the
assumption of equal variances was analyzed using an F test. For all groups that passed these tests, comparisons
between the two experimental groups were determined using two-tailed, unpaired Student’s t-test. One-way
ANOVA or two-way ANOVA was used for comparisons among multiple groups. A two-tailed P-value of less
than 0.05 was considered statistically significant.

Results

High glucose induced endothelial senescence via ROS

To explore the effect of HG on cell senescence rather than apoptosis, endothelial cells were treated with different
doses of glucose (5.5 mM, 15 mM, and 30 mM) for several time periods (24 h, 48 h, and 72 h). As shown in
Fig. 1A, B, the percentage of SA-B-gal positive cells were increased by glucose in a dose- and time-dependent
manner. Notably, at a clinically related dose of 15 mM, HG can only induce endothelial senescence instead of
apparent apoptosis even after incubation for 72 h (Fig. 1C, D).

In addition to the increase of SA-B-gal positive cells (41.78% vs. 20.26%) (Fig. 2A, B), we also detected
significantly increased mRNA levels of p53, p16, p21 for nearly 1.5 times on HUVECs after incubation of HG
(15 mM) for 72 h when compared with cells treated with glucose at a dose of 5.5 mM, a normal level in vivo
(C) (Fig. 2C-E). The expression of Cyclin D1, a downstream molecule of p21, was reduced by about 40% after
HG treatment (Fig. 2F). We verified the protein levels of the above indicators after HG treatment and observed
changes consistent with the gene level (Fig. 2G-K). Although the protein levels of p21 only showed a tendency
to increase (Fig. 2G, I), HG markedly decreased the expression of Cyclin D1 (~50%) (Fig. 2G, K). In line with
the induction of cell senescence, reduced migration, and proliferation of HUVECs were also evident after the
treatment with HG (Fig. 2L-P). Given the observations that high mannitol-treated cells did not show any
senescence phenotypes and any functional changes, we ruled out the potential contribution of hyperosmolarity
to cell senescence (Fig. 2A-P).

In line with previous findings®>*°, we also found that HG increased the cellular levels of reactive oxygen
species (ROS) for nearly 2 times in HUVEC:s (Fig. 3A, B). Considering the potential contribution of ROS in cell
senescence®**°, we employed the N-acetyl cysteine (NAC), an antioxidant precursor to glutathione, to scavenge
the excess ROS that increased by HG. As shown in Fig. 3C-K, NAC decreased ratio of SA-[-gal positive cells to
levels observed in the control group, indicating the essential role of ROS in HG-induced senescence (Fig. 3C,
D). Moreover, a remarkable decrease of p53, p16, and p21 as well as an increase of Cyclin D1 to the levels in
the control group were detected in NAC-treated cells in the presence of HG (Fig. 3E-K). Collectively, these
results demonstrated that a clinically relevant high dose of glucose can slowly but effectively induce endothelial
senescence via ROS.

32,33

The downregulation of SIRT6 contributes to the induction of ROS in HUVECs by HG

Previous studies have shown that SIRT1 is pivotal regulator in both ROS production and detoxification of
endothelial cells***”. However, the expression of SIRT1 was not changed after incubation with glucose at a
dose of 15 mM for 72 h (Fig. 4A, B). Strikingly, we detected a marked reduction of SIRT6 at both mRNA and
protein levels in HG-treated cells, by about 30% and 50%, while treatment with mannitol at a dose of 15 mM
for 72 h did not affect the expression of SIRT6 (Fig. 4A, C, D). Moreover, the elimination of ROS by NAC did
not increase the expression of SIRT6 in HG-treated cells (Fig. 4E), implying that the downregulation of SIRT6
by HG was independent of ROS. More importantly, suppression of SIRT6 by its specific inhibitor OSS-128,167
significantly increased the cellular levels of ROS and ROS-associated SA-B-gal positive senescence cells by nearly
two times in HUVECs (Figure F-I), indicating the crucial role of SIRT6 in restraining cellular ROS levels and
ROS-induced cell senescence. In line with increased SA-B-gal positive senescence cells, inhibition of SIRT6
significantly increased the expressions of p53, p16 and p21 but markedly reduced the expression of Cyclin D1
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Fig. 1. High glucose induced endothelial senescence in a concentration- and time-dependent manner. (A)
Representative images of SA-f-gal staining and (B) quantification of SA-B-gal positive HUVECs treated with
normal glucose (5.5 mM d-glucose), high glucose (15 mM or 30 mM d-glucose) for 24 h,48 h, and 72 h. Scale
bar =20 pm. (C) Cell apoptosis assay of HUVECs treated with normal glucose (5.5 mM d-glucose), high
glucose (15 mM or 30 mM d-glucose) observed by flow cytometry. (D) Analysis of cell apoptosis results of
HUVECs. The values are expressed as the mean + SEM. Experiments were carried out in triplicate and repeated
three times. Results in B and D were analyzed with two-way ANOVA with Tukey’s multiple comparisons test.

to levels observed in the HG group (Fig. 4]J-P). By contrast, pretreatment with OSS-128,167 did not further
elevated the cellular levels of ROS and ROS-associated cell senescence in HG-treated cells (Fig. 4F-I). Also,
the protein levels of p53, p21, and Cyclin D1 in HG-treated cells were not affected by OSS-128,167 (Fig. 4J-L),
although mRNA levels of these molecules were significantly induced (Fig. 4M-P). These data indicated that the
reduction of SIRT6 by HG may contribute to ROS-induced cell senescence.

Humanin prevented HG-induced ROS and cell senescence by SIRT6

Next, we tested the effects of Humanin, a member of mitochondrial derived peptides (MDPs), on HG-induced
cell senescence. As shown in Fig. 5, the increase of ROS and SA-B-gal positive senescence cells in HG-treated
HUVECs were significantly reduced by pretreatment with HNG (Fig. 5A-D). Moreover, HNG regulated the
levels of p53, p16, p21 and Cyclin D1 to that observed in the C group (Fig. 5E-G, I-L). These all reflected that
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Fig. 2. High glucose led to cell senescence and endothelial cell dysfunction. (A) Representative images of
SA-B-gal staining and (B) quantification of SA-B-gal positive HUVECs treated with normal glucose (5.5 mM
d-glucose, C), high mannitol (15 mM mannitol, M), high glucose (15 mM d-glucose, HG). Scale bar =20 pum.
(C-F) The mRNA levels of (C) P53, (D) P16, (E) P21, and (F) Cyclin DI of C, M, and HG groups measured
by qRT-PCR. (G) Representative images of Western Blotting analysis and (H-K) semi-quantification of (H)
p53, (I) p21, (J) p16, and (K) Cyclin D1 of C, M, HG groups. (L) Cell proliferation of C, M, HG groups
assessed by CCK-8 assays. Optical density (OD) =450 nm. (M) The representative images of wound healing
assay of HUVECs. Scale bar =100 pm. (N) The semi-quantitative analysis of the distance of migration. (O,
P) Representative micrographs of EAU staining (O) and quantification (P) of EAU positive HUVECs. Scale
bar =100 pm. The values are expressed as the mean + SEM. Experiments were carried out in triplicate and
repeated at least three times. Results in B-F, H-K and P were analyzed with one-way ANOVA with Dunnett’s
multiple comparisons test. Results in L and N were analyzed with two-way ANOVA with Dunnett’s multiple
comparisons test.
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Fig. 3. High glucose induced ROS overproduction and thereby resulted in endothelial senescence. (A) ROS
levels of HUVECs treated with normal glucose (5.5 mM d-glucose, C), high mannitol (15 mM mannitol,

M), high glucose (15 mM d-glucose, HG) detected by flow cytometry. (B) Quantitative analysis of DCFH-
DA fluorescence intensity in C, M, HG group. (C) Representative images of SA-B-gal staining and (D)
quantification of SA-(-gal positive HUVEC:s treated with normal glucose (5.5 mM d-glucose, C), high glucose
(15 mM d-glucose, HG), high glucose with N-acetyl cysteine (15 mM d-glucose with 5 mM HNG, HG). Scale
bar =20 pm. (E-G) The mRNA levels of (E) P53, (F) P16, and (G) P21 of C, HG HG + NAC groups measured
by qRT-PCR. (H) Representative images of Western Blotting analysis and (I-K) semi-quantification of (I)
P53, (J) p21 and (K) Cyclin D1 of C, HG HG + NAC groups. The values are expressed as the mean + SEM.
Experiments were carried out in triplicate and repeated three times. Results in B and D were analyzed with
one-way ANOVA with Tukey’s multiple comparisons test. Results in E were analyzed with one-way ANOVA
with Sidak’s multiple comparisons test. Results in (F, G) and (I, K) were analyzed with one-way ANOVA with
Dunnett’s multiple comparisons test.
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HNG could prevent HG-induced senescence via suppression of ROS. In addition, the anti-senescence effect of
HNG was also evidenced as improved cell migration and proliferation as compared to HG-treated HUVECs
(Fig. 50-S).

To further figure out how HNG inhibited the increase of ROS by HG, we checked the effects of HNG on
expressions of both SIRT1 and SIRT6. As shown in Fig. 5H, I, M, N, only the reduction of SIRT6 expression by
HG was reversed by pretreatment of HNG, which suggests that SIRT6 may have a potential regulatory effect on
HNG?s rescue of HG-induced ROS overexpression. The pretreatment of OSS-128,167 abolishes the protective
effect of HNG against HG-induced senescence. As the result shows (Fig. 6A-I), HNG no longer has the effect of
inhibiting the proportion of SA-B-gal positive cells, down-regulating p53, p21, p16 and up-regulating Cyclin D1.
HNG also lost its protective impact on cell migration function (Fig. 6], K) and cell proliferation (Fig. 6L, M) after

Scientific Reports|  (2024) 14:30924 | https://doi.org/10.1038/s41598-024-81878-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

«Fig. 4. High glucose downregulated the expression of SIRT6 to increase ROS production and endothelial
senescence. (A) Representative images of Western blotting analysis and (B, C) semi-quantification of SIRT6
and SIRT1 in HUVEC: treated with normal glucose (5.5 mM d-glucose, C), high mannitol (15 mM mannitol,
M), high glucose (15 mM d-glucose, HG). (D, E) The mRNA levels of SIRT6 in HUVECs of C, M, HG,
HG+NAC groups. (F) ROS detection of HUVECs treated with normal glucose (5.5 mM d-glucose, C), high
glucose (15 mM d-glucose, HG), normal glucose with OSS-128,167 (5.5 mM d-glucose with 100 uM OSS-
128167, C+0SS-128167), high glucose with OSS-128,167 (15 mM d-glucose with 100 uM OSS-128167,
HG+ 0SS-128167) detected by flow cytometry. (G) Quantitative analysis of DCFH-DA fluorescence intensity
in the four groups. (H) Representative images of SA-B-gal staining and (I) quantification of SA-(-gal positive
HUVECs in the four groups. Scale bar =20 um. (J-L) The mRNA levels of (J) P53, (K) P16, (L) P21 of the
four groups measured by qRT-PCR. (M) Representative images of Western Blotting analysis and (N-P)
semi-quantification of (N) p53, (O) p21 and (P) Cyclin D1 of the four groups. The values are expressed as the
mean + SEM. Experiments were carried out in triplicate and repeated at least three times. Results in B-E were
analyzed with one-way ANOVA with Dunnett’s multiple comparisons test. Results in G, I-L and N-P were
analyzed with two-way ANOVA with SidaK’s multiple comparisons test.

suppressing SIRT6. Taken together, all of these findings suggested that HNG’s ability to enhance SIRT®6 levels in
HG is crucial to the anti-senescence mechanism.

To furtherly investigate whether HNG’s ability to ameliorate HG-induced senescence depends on SIRT6, we
used siRNA to knock down SIRT6. The protein level of SIRT®6 significantly decreased by nearly 60% in cells after
transfection with SIRT6 siRNA (Fig. 7A, B). Similar to SIRT6 inhibitors, SIRT6 knockdown siRNA abolished
the protective effects of HNG on the ratio of senescence HUVECs (Fig. 7C, D) and expression of SIRT6 and
senescence related markers (Fig. 7E-], K-N). Also, the protective effects of HNG on cell migration function
(Fig. 70, P) and cell proliferation (Fig. 7Q, R) were abolished by SIRT6 siRNA. These results furtherly indicated
that SIRT® is essential for HNG’s amelioration of HG-induced senescence in HUVECs.

Collectively, these data suggested that Humanin played a protective role against HG-induced endothelial
senescence, and this is dependent on its regulation of SIRT6-ROS levels.

Discussion

In the present study, we for the first time to demonstrate that 15 mM of HG effectively induced senescence of
the HUVECs without apparent apoptosis after 72 h incubation in vitro. Suppression of SIRT6 by HG stimulates
ROS overproduction and promotes endothelial senescence, while pretreatment of HNG can protect HUVECs
against HG-induced senescence.

Furthermore, in our clinical practice, it was observed that the control situation of diabetes patients is quite
impressive. According to recent epidemiological research, China’s diabetes control rate rose to 50.1% in recent
years, which means that the hemoglobin Alc (HbAlc) of more than half of diabetes individuals can be kept
below 7% (53 mmol/mol)*. HbAlc is the predominant fraction of glycosylated hemoglobin and indicates a
person’s three-month average blood sugar levels. According to the linear regression between HbAlc and mean
blood sugar®®, we can learn that the blood sugar of most diabetic patients can be controlled below 11 mmol/L.
These statistics show that the majority of patients have relatively low levels of blood sugar control and that only a
small subset of patients have extraordinarily high blood sugar levels for an extended period of time. Hence, the
lower 15 mM HG was chosen as a clinically relevant dose of high glucose, to more accurately simulate the clinical
pathophysiology of HG-induced senescence and provide a more precise target for clinical treatment.

Previous studies have demonstrated glucose metabolism and ROS have reciprocal regulation, HG promoted
the generation of ROS in mitochondria, while treatment with the ROS inducer H,O,exhibits markedly increased
glucose uptake and lipid accumulation®’. Preview studies showed that HG at dose of above 25 mM stimulated the
production of ROS and induced the cell senescence'**!. In contrast, our data also demonstrated that clinically
relevant lower levels of HG also promote the generation of ROS, a key driver of endothelial senescence. However,
mechanisms underlying HG-induced ROS may be different and determined by glucose concentrations and cell
types. Related studies have also shown that HG can inhibit the levels of multiple members of the sirtuins family
and thus participate in the ROS overproduction?>*3. Chi Chen et al. ‘s research on vascular aging shows that
exercise promoted skeletal muscle to release FNDC5/irisin-enriched extracellular vesicles and improved the
stability of SIRT6, thus delaying vascular aging**. The inhibition of SIRT1 is observed by higher doses of HG
in human corneal epithelial cells?, while SIRT6 is suppressed by relatively lower dose of HG in our model.
Interestingly, multiple studies have shown the negative relationships of SIRT6 with diabetes?, whose glucose
levels are more close to our study system. More importantly, we found inactivation of SIRT6 by its specific
inhibitor OSS-128167 significantly increased ROS production and endothelial senescence.

Mechanisms underlying the downregulation of SIRT6 by clinically relevant HG is still unclear, but our results
ruled out the effects of ROS on the expression of SIRT6. Therefore, inhibition of SIRT6 is a cause rather than
a consequence of ROS overproduction. Several studies have confirmed the regulatory role of SIRT6 in aging
and metabolic related diseases?”**3. In this study, we found that HG decreased the expressions of SIRT6 while
promoted ROS overexpression and cell senescence, all of which can be reversed by pretreatment of HNG. Our
data thus indicate that overexpression of SIRT6 may rescue HG-induced cell senescence, which still needs
further verification. In addition, the pathway through which HG regulates SIRT6 expression is still unclear.
A recent study demonstrated HG regulates the methylation levels of the SIRT6 promoter region, thereby
influencing the transcription of SIRT6 in human aortic endothelial cells*. Moran Choe and his team found that
the RUNX2 transcription factor inhibits the expression of SIRT6 and thus affects cellular glucose metabolism™.
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Fig. 5. Humanin prevents HG-induced senescence. (A) Representative images of SA-B-gal staining and

(B) quantification of SA-B-gal positive HUVECs treated with normal glucose (5.5 mM d-glucose, C), high
mannitol (15 mM mannitol, M), high glucose (15 mM d-glucose, HG), high glucose with [Gly14]-Humanin
(15 mM d-glucose with 1 uM [Gly14]-Humanin, HG + HNG), [Gly14]-Humanin (1 uM [Gly14]-Humanin,
HNG). Scale bar =20 pm. (C) ROS detection of HUVECs treated with C, M, HG, HG + HNG, HNG. (D)
Quantitative analysis of DCFH-DA fluorescence intensity in the C, M, HG, HG + HNG, HNG group. (E-H)
The mRNA levels of (E) P53, (F) P16, (G) P21, (H) SIRT6 of the five groups measured by qRT-PCR. (I)
Representative images of Western Blotting analysis and (J-N) semi-quantification of (J) p53, (K) p21, (L)
Cyclin D1, (M) SIRT1 and (N) SIRT6 of the five groups. (O) Cell proliferation of C, M, HG, HG + HNG,
HNG groups assessed by CCK-8 assays. Optical density (OD) =450 nm. (P) The representative images of
wound healing assay of HUVEC:s of the five groups. (Q) The semi-quantitative analysis of the distance of
migration. Scale bar =100 um. (R, S) Representative micrographs of EAU staining (R) and quantification (S)
of EdU positive HUVECs. Scale bar =100 pum. The values are expressed as the mean + SEM. Experiments were
carried out in triplicate and repeated three times. Results in B and D were analyzed with one-way ANOVA
with Tukey’s multiple comparisons test. Results in E-H, J-N and S were analyzed with one-way ANOVA
with Dunnett’s multiple comparisons test. Results in Q were analyzed with two-way ANOVA with Dunnett’s
multiple comparisons test.

Other studies also found that FOXO3a and circRNA circ-ITCH can regulate the level of SIRT6 through different
pathways®>2. Whether clinically relevant HG regulates the level of SIRT6 through the above pathways warrants
further investigation.

In recent years, the potential therapeutic effect of Humanin in neurodegenerative diseases>, cardiovascular
diseases®, diabetes mellitus®®, and other age-related diseases has also received increasing attention. Multiple
experiments have confirmed the effect of Humanin and its potent analogue HNG on increasing lifespan®,
improving insulin resistance®’, and ameliorating hyperglycemia-associated endothelial dysfunction'®. Our
previous study also showed HNG protects HUVECs against relatively higher dose of HG induced apoptosis?®.
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Figure 6

Fig. 6. SIRT6 is required for humanin to protect against HG-induced endothelial senescence. (A)
Representative images of SA-B-gal staining and (B) quantification of SA-{-gal positive HUVEC:s treated with
normal glucose (5.5 mM d-glucose, C), high glucose (15 mM d-glucose, HG), high glucose with [Gly14]-
Humanin (15 mM d-glucose with 1 uM [Gly1l4]-Humanin, HG + HNG), normal glucose with OSS-128,167(5.5
mM d-glucose with 100 pM OSS-128167, C+ OSS-128167), high glucose with OSS-128,167(15 mM d-glucose
with 100 uM OSS-128167, HG + OSS-128167), high glucose with [Glyl4]-Humanin with OSS-128,167 (15

mM d-glucose with 1 uM [Gly14]-Humanin with 100 uM OSS-128167, HG + HNG + OSS-128167). Scale

bar =20 pm. (C-E) The mRNA levels of (C) P53, (D) P16, (E) P21 of the six groups measured by qRT-PCR.
(F) Representative images of Western Blotting analysis and (G-I) semi-quantification of (G) p53, (H) p21,

and (I) Cyclin D1 of the six groups. (J) The representative images of wound healing assay of HUVECs of

the six groups. (K) The semi-quantitative analysis of the distance of migration. Scale bar =100 pm. (L, M)
Representative micrographs of EQU staining (L) and quantification (M) of EAU positive HUVECs. Scale bar
=100 pm. The values are expressed as the mean + SEM. Experiments were carried out in triplicate and repeated
three times. Results in B were analyzed with two-way ANOVA with Sidak’s multiple comparisons test. Results
in C-E and K were analyzed with unpaired t test. Results in G-I and M were analyzed with two-way ANOVA
with Dunnett’s multiple comparisons test.

Here, we for the first time demonstrated the anti-senescent effects of HNG on HG-treated HUVECs, partly
due to the preservation of SIRT 6 expressions. Interestingly, humanin preserved the expressions of SIRT1 in
bone marrow-derived macrophages (BMDMs) isolated from a mouse model of gout™, indicating that different
sirtuins may be involved in its therapeutic effects on different pathological conditions. In other words, the
regulation of humanin on the sirtuins family may be an important mechanism for its protective effect, which
also indicates its clinical application potential.
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Fig. 7. Knock down of SIRT6 abolished HNG’s protection on HG-induced endothelial senescence.

(A) Western Blotting analysis (B) semi-quantification of SIRT6 in HUVECs transfected with SIRT6 or
nontargeting siRNA. (C) Representative images of SA-B-gal staining and (D) quantification of SA-B-gal
positive HUVECs treated with normal glucose (5.5 mM d-glucose, C), high glucose (15 mM d-glucose, HG),
high glucose with [Gly14]-Humanin (15 mM d-glucose with 1 uM [Gly14]-Humanin, HG 4+ HNG), including
transfected with SIRT6 or nontargeting siRNA. Scale bar =20 um. (E-H) The mRNA levels of (E) P53, (F)

P21 (G) P16, and (H) Cyclin DI of the six groups measured by qRT-PCR. (I) Representative images of Western
Blotting analysis and (J-N) semi-quantification of (J) SIRTS6, (K) p53, (L) p21, (M) p16, and (N) Cyclin D1 of
the six groups. (O) The representative images of wound healing assay of HUVECs of the six groups. (P) The
semi-quantitative analysis of the distance of migration. Scale bar =100 pum. (Q, R) Representative micrographs
of EdU staining (Q) and quantification of EAU positive HUVEC:s. Scale bar =100 pm. The values are expressed
as the mean + SEM. Experiments were carried out in triplicate and repeated three times. Results in B, E-H

and P were analyzed with Student’s t-test. Results in D were analyzed with two-way ANOVA with Sidak’s
multiple comparisons test. Results in J-N and R were analyzed with two-way ANOVA with Dunnett’s multiple
comparisons test.

Conclusion
In summary, our results confirm that the regulation of SIRT6 on ROS generation is an important mechanism of
HG-induced endothelial senescence, and HNG alleviates endothelial senescence via SIRT6.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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