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1 | INTRODUCTION

Abstract

Cardiovascular disease (CVD) is highly prevalent in an ageing society. The increased
incidence and mortality rates of CVD are global issues endangering human health.
There is an urgent requirement for understanding the aetiology and pathogenesis of
CVD and developing possible interventions for preventing CVD in ageing hearts. It
is necessary to select appropriate models and treatment methods. The D-galactose-
induced cardiac ageing model possesses the advantages of low mortality, short time
and low cost and has been increasingly used in the study of cardiovascular diseases
in recent years. Therefore, understanding the latest progress in D-galactose-induced
cardiac ageing is valuable. This review highlights the recent progress and potential
therapeutic interventions used in D-galactose-induced cardiac ageing in recent years
by providing a comprehensive summary of D-galactose-induced cardiac ageing in vivo
and in vitro. This review may serve as reference literature for future research on age-

related heart diseases.
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functional microcirculation damage, which damages multiple organ

Ageing is widely defined as a time-dependent functional decline
that affects most organisms.! It is characterized by a gradual loss
of physiological integrity, resulting in multifaceted structural and

functions.>® With the increasing elderly population, there is an
increase in age-related diseases, among which cardiovascular dis-
ease is the leading cause of health damage and death in the elderly
people in the world.* The ageing of the heart is closely related to
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cardiovascular diseases; therefore, it is essential to understand the
mechanism of cardiac ageing and to choose a suitable model for age-
ing research.

Laboratory methods of cardiac ageing, such as natural and
induced ageing models, have been used to study cardiovascular
diseases.”” The naturally ageing model is most suitable for study-
ing the characteristics of human ageing and the ageing mecha-
nism. However, the attributes of a long feeding cycle, poor health
and high mortality limit the broad application of the natural age-
ing model. Many studies have chosen artificially induced ageing
models, such as the D-galactose-induced ageing model wherein
D-galactose, a reducing monosaccharide, is continuously injected
into animals within a certain period and is bound to cause glucose
metabolism disorders in essential organs such as the heart. The
concentration of galactose increases in cells, and it is reduced to
galactitol by aldose reductase catalysis. The latter accumulates
in the cell, resulting in cell swelling, dysfunction, and eventually
cell ageing. Alternatively, D-galactose through another metabolic
pathway produces reactive oxygen species (ROS) and advanced
glycation end-products (AGEs), which accelerate the ageing pro-
cess.® Therefore, D-galactose-induced ageing models are suitable
for studying cardiac ageing.

This review comprehensively summarizes studies on D-
galactose-induced cardiac ageing submitted to PubMed (https://
www.nchi.nIm.nih.gov/PubMed) between January 2017 and March
2022; they were searched in PubMed using the terms ‘D-galactose
and heart’, or’ D-galactose and cardiac’. Then, the studies related to
heart ageing were screened to review literature on the mechanisms
of D-galactose, potential interventions, and changes in related test
indicators in cardiac ageing (Figure 1).

D-galactose
v“
|

2 | EFFECT OF D-GALACTOSE
ADMINISTRATION ON THE MARKERS OF
CARDIAC AGEING AND THE CARDIAC
INDEX

Numerous studies have shown that D-galactose administration in-
creases the markers related to cardiac ageing; they are presented
in Table 1. The model utilized 2-3-month-old mice and rats injected
subcutaneously or intraperitoneally with D-galactose at a dose of
50-200mg/kg/day, for 6-10weeks (Table 1). This protocol signifi-
cantly increases the levels of senescence-associated p-galactosidase
(SA-p-gal) in the cardiac tissues. During cell senescence, there is in-
creased SA-B-gal accumulation and activity due to the expansion and
increase in lysosomes. D-galactose administration significantly in-
creases SA-fB-gal expression in cardiac tissues.? 13 SA-B-gal-positive
cells are therefore used as common ageing markers. A series of cell
cycle regulatory factors, such as P53, P21, P16 and P19, are also
used as ageing markers. As the main participants of the DNA dam-
age response (DDR) path, P53 can trigger a transient cell cycle arrest
or permanent cell cycle arrest (cellular senescence).** In response to
stimuli that induce a DDR, cell growth arrest and senescence occurs
through the MDM2-P53-P21 and P16-pRb pathways.!® D-galactose
administration increases the expression of P53, P21, P19 and P16.7%¢
Telomeres are located at the end of eukaryotic cell chromosomes,
comprising a tract of tandemly repeated short DNA repeats and as-
sociated protective proteins; telomere attrition is closely related to
ageing-related diseases.’” The telomere stability requires coopera-
tion between multiple factors, including telomerase, TRF1, TRF2 and
among others.’®2% Mice treated with D-galactose for 10weeks, at a
dose of 100-150 mg/kg/day, showed significantly reduced telomere

]

1

Cardiac aging ] Oxidative stressl Mitochondrial Apoptosis T Cardiag Cardiac
markers Inflammation function Autophagy | remodeling I dysfunction l
\ \ \
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FIGURE 1 D-galactose administration
induces cardiac ageing. D-galactose
administration increases cardiac ageing
markers, oxidative stress, inflammation,
apoptosis and cardiac remodelling

and reduces mitochondrial function,
autophagy and cardiac dysfunction,
leading to cardiac ageing
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length and TRF1, TRF2 and TERT expressions in cardiac tissues, with
this phenomenon being reversed with the use of protective inter-
ventional measures. 62!

The cardiac index is an indicator of cardiac ageing. Interestingly,
different changes in the cardiac index were observed under different
experimental conditions. Intraperitoneal injection of D-galactose at
a dose of 120mg/kg/day for six weeks induces oxidative stress and
ageing, causes tissue atrophy and finally leads to a decline in the
cardiac index in mice.??"%® Chen et al.?’ found that intraperitoneal
injection of D-galactose at a dose of 400mg/kg/day for 14 weeks
decreased the cardiac index. However, some studies have reported
the opposite result. Intraperitoneal injection of D-galactose at a
dose of 150mg/kg/day in Wistar rats for eight weeks, or subcuta-
neous injection of D-galactose at a dose of 500mg/kg/day in mice
for four weeks increased the cardiac index and led to cardiac fibro-
sis.287%0 This difference may be related to the dose and duration of
D-galactose treatment. In conclusion, taking rats as an example,
intraperitoneal injection of a higher dose of D-galactose and for a
prolonged period leads to a decrease in the cardiac index.?”% All

discoveries are summarized in Table 1.

3 | EFFECT OF D-GALACTOSE
ADMINISTRATION ON CARDIAC OXIDATIVE
STRESS AND INFLAMMATION

Previous studies have shown that D-galactose can aggravate cardiac
oxidative stress (Table 2). According to Harman D, the ageing pro-
cess involves the attack of free radicals (usually produced during cell
metabolism) on cellular components.®* ROS are common free radi-
cals. Excessive D-galactose administration contributes to increased
ROS formation, which subsequently leads to oxidative stress and
cardiomyocyte damage. Several studies have assessed the suitabil-
ity of D-galactose administration at doses of 50 and 500mg/kg/
day for 6-10weeks for the establishment of a D-galactose-induced
cardiac ageing model and reported a close relationship between
the initial age of the model animal, dose and duration of treatment.
There exists a negative correlation between the age of mice and
rats and treatment duration at a dose of 150 or 200mg/kg/day D-
galactose.13’32’36 Moreover, studies have shown that heavier Wistar
rats require higher amounts of D-galactose at the same administra-
tion time,1012,28.30,37

Evidence suggests that D-galactose treatment increases oxi-
dants levels and decreases antioxidants levels (Table 2). ROS can at-
tack proteins, lipids and DNA, altering their structures and functions.
Many studies have reported that under D-galactose treatment, the
levels of ROS, malondialdehyde (MDA), lactoperoxidase (LPO), and
NADPH oxidase 2 (NOX2) are significantly increased, as described in
Table 2. Rac-1 and protein carbonyl (PC) level also increased after D-
galactose injection.g""‘38 Nrf2, a major stress-response transcription
factor, regulates the expression of heme oxygenase-1 (HO-1), Cu/ZN
superoxide dismutase (SOD), Nox-2, Rac-1 and significantly reduces
ageing-induced oxidative stress in D-galactose-induced ageing rat

hearts.3¢ The activation of nitric oxide synthases (NOS) and nitric
oxide (NO) production triggers the production of O, and OH-free
radicals, leading to cell damage.39 Previous studies have shown that
D-galactose treatment significantly increases the levels of NO and
INOS, 22:37-40

The antioxidant enzyme system is an antioxidant system and
includes SOD, catalase (CAT), glutathione peroxidase (GSH-Px)
and among others. The total antioxidant capacity (T-AOC) level of
mice significantly decreased after subcutaneous administration of
500mg/kg/day D-galactose for 4weeks.?’ As summarized in Table 2,
SOD, Cu/ZN SOD, and Mn-SOD levels, the mRNA expression and
activity of CAT, and GSH-PX levels, which represent antioxidant
capacity, significantly decreased following D-galactose administra-
tion. In addition, D-galactose-induced cardiac ageing models also
show reduced HO-1 and cystathionine gamma lyase (CSE).3¢:38:40
The other antioxidant system is the no-enzyme antioxidant system,
which includes glutathione (GSH), vitamin C, vitamin E and some
tracer elements such as copper and zinc. D-galactose administration
at a dose of 120 mg/kg/day for six weeks has been shown to induce
GSH reduction in ICR mice.?>%

Oxidative stress plays a vital role in the activation of transcrip-
tion factors-mediated signalling pathways, such as the nuclear factor
kappa B (NF-kB) pathway, which can lead to ageing by regulating
the expression of inflammatory genes.*! D-galactose through the
activation of NF-xB inflammatory signalling pathway promotes
the release of inflammatory factors, accelerating the formation of
an inflammatory state and ageing.36 NF-xB, a transcription factor,
is inhibited and inactivated by inhibitory kB (lxBs) proteins.42 lkBa
inhibits NF-kB function by binding. Under ROS excess, IkBa is phos-
phorylated and degraded to form p-lkBa, and unbound NF-kB en-
ters the nucleus and activates inflammatory responses.*>** Studies
have shown that p-NF-xB, NF-kB, P65 (a member of the NF-kB fam-
ily of proteins), IL-1a, IL-1B, and IL-6 increase, and IkB decreases with

D-galactose administration.'%2832:36.87

4 | EFFECT OF D-GALACTOSE
ADMINISTRATION ON CARDIAC
APOPTOSIS AND AUTOPHAGY

As summarized in Table 3, D-galactose administration aggravates
apoptosis and decreases cardiac autophagy. D-galactose intraperi-
toneal or subcutaneous injection, at a dose of 150-200mg/kg/day
for 4 and 8weeks alters apoptosis-related indices. D-galactose in-
creased the number of cardiac apoptosis cells,>10:12:38 D-galactose
also activates apoptosis pathways, including the mitochondria-
initiated intrinsic pathway and death receptor-stimulated extrinsic
pathway, involved in cardiomyocytes apoptosis.*> The extrinsic ap-
optotic pathway is usually triggered by the Fas ligand (FAS-L), which
induces receptor activation and leads to the formation of a death-
inducing signalling complex (DISC). DISC recruits and activates pro-
caspase 8, and then activates the downstream effector caspase-3,
which can directly degrade structural and functional proteins and
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cause apoptosis.***” A study reported that FAS-L and caspase-8
levels increased after D-galactose injection, corroborating the role
of D-galactose in apopttosis.5 The intrinsic pathway (also known as
the mitochondrial pathway) involves many signalling proteins. D-
galactose also induces cardiac cell apoptosis, which is strictly reg-
ulated by pro-apoptotic and anti-apoptotic factors of Bcl-2 family.
The pro-apoptotic factor Bax forms holes in the outer mitochondrial
membrane, destroying the mitochondrial membrane integrity. This
leads to increased mitochondrial cytochrome c release and activa-
tion of caspase 3.48-50 Many studies have shown that D-galactose-
induced cardiac cell apoptosis is characterized by an increase in Bax
and cleaved caspase-3, and a decrease in the gene and protein ex-
pression of anti-apoptotic factor Blc2.>10:12:50,51

Autophagy, an intracellular catabolic recycling system associated
with life and health span extension, is a fundamental process that
maintains cardiac and vascular health during ageing.52 The subcu-
taneous or intraperitoneal administration of D-galactose at a dose
of 150-200mg/kg/day for 4-10weeks, reduced autophagy and ac-
celerated cardiac ageing (Table 3). Several factors regulate the oc-
currence and development of autophagy. Lower levels of lipidated
microtubule-associated protein light chain 3 (LC3-Il), a marker of
autophagosome formation, have been observed in D-galactose-
induced ageing hearts.3#535% Beclinl, an essential autophagy ad-
justment factor, is also reduced in the ageing heart.}%123354 Beclin1
abnormality in the promoter region is related to the methylation
status, and abnormal methylation of autophagy genes can regulate
autophagy, inducing the onset and development of cardiac age-
ing.>*>> Moreover, BECN1 and Atg5 levels significantly decreased,
while SQSTM1, P62 and mTOR phosphorylation increased (Table 3).
Interestingly, D-galactose-induced ageing aggravates autophagy im-
pairment in the cardiac tissues in a time-dependent manner.'® Thus,
D-galactose impairs cardiac autophagy, which is essential for main-

taining cardiac health during ageing.

5 | EFFECT OF D-GALACTOSE
ADMINISTRATION ON CARDIAC
MITOCHONDRIA

D-galactose administration reduces cardiac mitochondrial function.
Previous studies have shown that mitochondrial integrity decreases
with ageing, demonstrating the importance of mitochondrial dys-
function in cell senescence.’® In addition to the loss of mitochondrial
integrity, age-related mitochondrial dysfunction is characterized
by increased mitochondrial reactive oxygen species (MitoROS) for-
mation, decreased mitochondrial membrane potential (MMP), and
mitochondrial biogenesis efficiency, alterations in mitochondrial
dynamics, and defective quality control by autophagy.’” As de-
scribed in Table 4, subcutaneously injection of D-galactose at a dose
of 125-200mg/kg/day for 6-10weeks significantly negatively al-
tered cardiac mitochondrial functions. Some studies have shown
that D-galactose administration significantly increases MitoROS
in the heart.!®'2 Additionally, D-galactose also leads to enlarged

cardiomyocyte mitochondria with swelling and partial loss of cristae,
decreased MMP and increased depolarization of mitochondrial mem-
branes.’%1%33 The study demonstrates that mitochondrial biogenesis
decreases in the aged hearts, as indicated by the decreases in mtDNA
copy number and peroxisome proliferator-activated receptor-y
coactivator-1a(PGC-1a).33 SIRT3 also plays a vital role in maintaining
mitochondrial bioenergetics. SIRT3 protein expression significantly
decreased in D-galactose-induced ageing mice.®® D-galactose ad-
ministration at a dose of 150mg/kg/day, for eight weeks significantly
reduced the cardiac mitochondrial fusion marker mitofusin 1 and 2
(MFN1 and MFN2) and increased the levels of dynamin-related pro-
tein 1(Drp1) and pDrp1%¢7¢, indicating mitochondrial dynamics im-
balance.!'? Additionally, impaired mitophagy is associated with an
accelerated decline in mitochondrial integrity and heart function.*?
Studies have shown that D-galactose administration decreased
PINK1, Parkin, and Sirt6.2!

6 | EFFECT OF D-GALACTOSE
ADMINISTRATION ON CARDIAC
HISTOPATHOLOGY AND FUNCTION

Cardiac remodelling and left ventricular (LV) dysfunction are the
primary manifestations of cardiac ageing.’®>? Several studies have
demonstrated an increase in heart weight, cardiac hypertrophy, car-
diac fibrosis, and cardiac remodelling in D-galactose-induced cardiac
ageing models (Table 5). D-galactose administration of 120-500mg/
kg/day for 4-8 weeks has been reported to cause an increase in the
whole heart weight (WHW), left ventricular weight (LVW), and LV
wall thickening, an increase in hypertrophic makers such as ANP,
BNP, 3-MHC, and MYH7 and a decrease in MYH6.18:28:33,36 Chang
et al.!® found that the concentric hypertrophy-related MAPKs such
as p-ERK1/2, p-c-JUN, p-JNK, and p-p38, pathological hypertrophy-
associated transcription factors such as NFATc3 and p-GATA4, and
the eccentric pathological related protein p-MEK5, p-ERK5, and
transcription factors STAT3 were significantly increased with D-
galactose administration.

As summarized in Table 5, D-galactose administration increases
cardiac fibrosis and collagen deposition.5’9'28’30'33'3“”60 After activa-
tion, excessive collagen secreted by cardiac fibroblasts is deposited
in the extracellular matrix, resulting in myocardial fibrosis.®* The
production of various cytokines and growth factors plays a critical
role in the cardiac fibrosis pathway. In the ageing heart, we observed
an increase in extracellular matrix (ECM) proteins such as Col-I, Col-
I, and a-SMA, as well as pro-fibrogenic proteins TGF-p1, p-p38
and p-MK2.2® Moreover, phosphoMEK1/2 (MAP Kinase Kinase),
extracellular signal-regulated kinases 1/2 (ERK1/2), specific protein
1 (SP1), and connective tissue growth factor (CTGF), all elements
of a fibrotic response, increased with D-galactose administration,
resulting in excessive ECM protein production and collagen expres-
sion.%%° The homeostatic imbalance of matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs) lead
to cardiac fibrosis.%? Previous studies have shown that MMP-2
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and MMP-9 increased and TIMP-1/4 decreased with D-galactose
administration.36:6°

D-galactose-induced ageing hearts have been shown to show
impaired cardiac fibre arrangement, decreased cellular volume with
spaces between cells, increased size of cardiomyocytes and area
of left ventricular cardiomyocytes.!3%33%7 |n summary, tissue re-
generation potential is critically affected by the deterioration of the
function of stem cells during ageing. D-galactose-induced cardiac
remodelling can lead to a decline in cardiac function.3¢

As summarized in Table 5, cardiac function was significantly re-
duced in mice and rats injected with D-galactose at 100-500mg/kg/
day for 4-12weeks. Markers of cardiac function include homocys-
teine (HS), creatinine kinase isoenzyme (CK-MB), lactate dehydro-
genase (LDH), glucose transporter 4 (GLUT-4), and cardiac troponin
T (cTnT) and are measured to assess cardiac function. HS, CK, LDH
and cTnT levels in serum increased, and GLUT-4 levels in serum
decreased after D-galactose injection.}?837 Echocardiography
is the standard method used for evaluating cardiac function. Left
ventricular ejection fraction (LVEF) and left ventricular fractional
shortening (LVFS) are common test indicators measured to assess
cardiac function. D-galactose has been shown to induce a decrease
in LVEF and FS.1216:21.83.5463 p_oajactose also worsened LV func-
tion as indicated by significantly increased LV end-diastolic pressure
(LVEDP), dP/dt min, and LV volume in end systole (LVVs), and sig-
nificantly reduced LV end-systolic pressure (LVESP), dP/dt max, and
SVv.101254 Additionally, D-galactose injection did not significantly

alter heart rate,12'33’54

and significantly increased LV end-systolic
diameter (LVESD) and LV mass.”®® D-galactose administration at
a dose of 150mg/kg/day for 10weeks decreased LV anterior wall
thickness (LVAWd) and LV posterior wall thickness (LVPWd) in C57
mice.?! However, another study reported that LVPWd increased
after D-galactose administration.® The mitral E/A ratio decreases
significantly with the increase in age, indicating impaired ventricular
filling.”¢2 The low-frequency /high-frequency (LF/HF) ratio is mea-
sured as an indicator of cardiac sympathovagal balance. At a dose
of 150mg/kg/day, D-galactose administration for eight weeks sig-
nificantly increased LF/HF in ageing Wistar rats.}®'? D-galactose
administration resulted in dramatic changes in the electrocardio-
graphic (ECG) measurements in the form of an irregular rhythm of
heartbeats, reduced ST height, increased PR and QRS intervals, and

negative T wave.””

7 | SUMMARY OF IN VITRO STUDIES
ON THE D-GALACTOSE-INDUCED
CARDIOMYOCYTES AGEING

Hayflick found the limit of cell division through in vitro cell culture
and proposed an advanced hypothesis that the finite lifetime of dip-
loid cells in vitro may be an expression of ageing or senescence at the
cellular level.** Cellular senescence is critical in vivo and is associated
with age-related diseases.’® Some researchers have used primary
cardiomyocytes and H9c2 cell line to study D-galactose-induced

cardiac ageing. The typical dose of D-galactose is 10-50g/L, and
the treatment duration is 24-72h. However, there is one excep-
tion, the amount of galactose is tiny, considering that it may be the
author's clerical error.’ D-galactose increases ageing markers, oxi-
dative stress and inflammation, apoptosis of cardiomyocytes, and
decreases cardiomyocyte autophagy. These effects induced by D-
galactose are concentration and time-dependent.®®>=®’ These results

are summarized in Table 6.

8 | EFFECTS OF PROTECTIVE
INTERVENTIONS ON THE D-GALACTOSE-
INDUCED CARDIAC AGEING

Numerous studies have reported that many interventions have pro-
tective effects against D-galactose-induced cardiac ageing in vivo
and in vitro. These interventions regulate different signs of ageing.
Here, we classify and summarize recent intervention measures from
the last five years (Tables 1-6).

First, cardiac ageing markers are common indicators in the study
of cardiac ageing and are the main prognostic markers for measur-
ing the efficacy of interventions. As shown in Table 1, many drugs
restore the increase in D-galactose-induced markers of cardiac age-
ing, such as Kanglexin, CQ, Lico D, Thymoquinone, Curcumin, NaHS,
AOS, 17p-Estradiol, PSP, natural flavone acacetin, CDDO-Im, res-
veratrol, calcitriol, AOF, Lactobacillus plantarum CQPC11, KSFY02,
and NJAU-01, AVP, PSLKDT, EFC, and Mangiferin. In addition to
drug treatment, Bo-Htay et al.’? treated rat with HBOT to reduce
the number of senescent cells determined by SA-B-gal staining.
Furthermore, Bei et al.*® found that miR-21 knockout has a protec-
tive effect against D-galactose-induced cardiac alterations.

Second, cardiac oxidative stress is closely related to inflammation
and is a critical indicator of the efficacy of interventions on ageing.
Some drugs have been used to reduce cardiac oxidative stress and
inflammation, including Mangiferin, PNPH, ITPL, AIMP, Lactobacillus
plantarum NJAU-01, ZH, CQ, NaHS, AOS, PSP, CDDO-Im, AOF, res-
veratrol, calcitriol, and DO (Table 2). Interestingly, study has shown
that 4% H2 inhalation or H2-rich water drinking can reduce cardiac
oxidative stress.®> As reported in the articles, HBOT has the same
effect.!?

Third, apoptosis has been increasingly studied in association
with cardiac ageing. Some drugs, such as Thymoquinone, Curcumin,
and CDDO-Im, work through the mitochondria-initiated intrin-
sic pathway and the death receptor-stimulated extrinsic pathway
(Table 3). HBOT also has protective effects on D-galactose-induced
cardiomyocyte apoptosis.12 Exercise training has also been shown
to restore insulin-like growth factor-I receptor-mediated survival
signalling in D-galactose induced-ageing rats to suppress cardiac
apoptosis.5

Fourth, the relationship between autophagy and cardiac ageing
is becoming increasingly clear with growing research. CQ, Lico D,
AOS, and 17p-Estradiol alleviate cardiac ageing by promoting auto-
phagy (Table 3), and HBOT acts similarily.}2
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(Continued)

TABLE 6

Apoptosis/autophagy/
cardiac mitochondria/

cytotoxicity

Cardiac oxidative

stress and

Interpretation

inflammation

Cardiac ageing

Intervention

Study model Dose Duration

Ref

WANG ET AL.

Mitochondria-Targeting

Cellular intracellular free

ROST——|

Mitochondrial-targeting

48h

50g/L

H9c2

JCRQ2

Antioxidant provided
Cardioprotection through

Zn?* ([Zn21), [Zn2*),

antioxidant(MitoTEMPO);

1 uM; 24h

IF:5.972

in mitochondria ([Zn2*]
Mit)t——1, [Zn2*]i in

regulation of cytosolic and
mitochondrial Zn?* Levels

S(E)R([Zn2*]SER)}——1;

MMPt——|

with re-distribution of

Zn%**-transporters in aged
rat cardiomyocytes

Abbreviations: 1, indicators increased under the action of D-galactose; |, indicators decreased under the action of D-galactose; t——|, indicators increased under the action of galactose and decreased

under the intervention; |——1, indicators decreased under the action of D-galactose and increased under the intervention; <, there was no change in the indicators under D-galactose or intervention; (<),

under the intervention treatment of this dose, the indicators did not reverse the change caused by D-galactose.

Fifth, medical treatments such as AOS, natural flavone acacetin,
melatonin, and HBOT alleviated D-galactose-induced cardiac age-
ing by maintaining myocardial mitochondrial function and integrity
(Table 4). As summarized in Table 5, cardiac morphology is essential
for maintaining normal cardiac function. Medical treatments, such
as Mangiferin, Kanglexin, ZH, AOF, AOS, PSP, resveratrol, and cal-
citriol, and exercise training, can resist D-galactose-induced cardiac
remodelling (Table 5). Moreover, Mangiferin, Kanglexin, NaHS, ZH,
AQS, 17p-Estradiol, PSP, natural flavone acacetin, and AOF have
been reported to have a positive effect on cardiac function (Table 5).
Besides drug therapy, HBOT and miR-21 knockouts also improve
cardiac function.1?1¢

As shown in Table 6, the interventional therapy of D-galactose-
induced ageing is very similar in vitro and in vivo. Medical
treatments, such as recombinant protein klotho, Nicotinamide dinu-
cleotide (NAD+), mitochondrial-targeting antioxidant(MitoTEMPOQO),
Kanglexin, emodin, acacetin, and Resveratrol, reduce cardiac age-
ing markers, oxidative stress, and inflammation (MitoTEMPO has no
effect on ageing markers, and acacetin has no effect on oxidative
stress and inflammation) (Table 6). Additionally, CD38 knockdown
and adiponectin-overexpression plasmid was used in D-gal-treated
H9c2 cells to play the same role.®””° Many studies have shown that
klotho, Kanglexin, emodin, acacetin, Resveratrol, and MitoTEMPO
have protective effects on D-galactose-induced cardiac ageing in
vitro by altering apoptosis and Autophagy as well as cardiac mito-

chondrial function (Table 6).

9 | CONCLUSIONS

This review mainly summarizes the literature on D-galactose-
induced cardiac ageing in the last five years. D-galactose induces
cardiac ageing by increasing ageing-related markers, upregulating
oxidative stress and inflammation, altering autophagy and apopto-
sis of cardiomyocytes, remodelling cardiac morphology, and impair-
ing cardiac function. We postulate that D-galactose is a reliable for
establishing ageing models for studying ageing-related diseases and

anti-ageing therapeutic interventions.

10 | LATEST ADVANCES

Although this review is not the first to summarize D-galactose-
induced cardiac ageing (see article for details), herein, we discuss the
recent advances in D-galactose-induced cardiac ageing research,
which has rapidly increased in recent years. We believe that it is nec-
essary to provide an updated review in this field, particularly recent
advancements, including the indicators of cardiac function that are
rarely discussed in previous reviews. First, the role of autophagy in
D-galactose-induced cardiac ageing has been widely reported in re-
cent studies. Table 3 summarizes the changes in autophagy after D-
galactose-induced cardiac ageing. Table 5 describes the changes in
cardiac morphology and cardiac function-related indicators, which
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is a detailed and comprehensive improvement to previous reviews.
Finally, recently, intervention options for D-galactose-induced car-
diac ageing have become increasingly diverse. Therefore, we marked
the protocol of intervention in each table, and summarized the effi-
cacy of various intervention measures on different indicators at the
end of the article for convenience.
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