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of metformin on myocardial ischemia-
reperfusion injury using dynamic '*F-FDG
micro-PET/CT imaging
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Abstract

Background: The molecular mechanisms of protective effect of metformin (Met) on ischemic myocardium have not
been fully understood. This study aims to evaluate the cardioprotective effect of metformin on myocardial ischemia—
reperfusion injury (MIRI) in rat models at different time points using dynamic '®F-FDG micro-PET/CT imaging.

Methods: The I/R injury model in SD rats was established by ligation of left anterior descending coronary artery
near the pulmonary arch root for 30 min. SD rats (n=12) were randomly divided into 2 groups: Control group (n =6)
without any intervention and Met group (n=6) with oral administration of metformin (50 mg/kg) twice a day. Gated
8EFDG (40Mbq@) micro-PET/CT imaging was performed for 10 min at different time points (day 1st, day 7th, day 14th
and day 30th after operation). Volumes of interest were drawn to identify different myocardium regions (ischemia
center, peri-ischemia area and remote area). Standardized uptake values (SUVs) (SUV,,.,, and SUV,,..,) were analyzed
to evaluate the FDG uptake activity, and then the center/remote ratio was calculated. In addition, the left ventricular
(LV) end-diastolic volume (EDV), end-systolic volume (ESV) and LV ejection fraction (LVEF) were obtained. On the 30th
day, all rats were scarified and myocardial ischemia was analyzed by HE staining and confirmed by pathology.

Results: In the Control group, the center/remote ratio showed no obvious change trend at each time point after
reperfusion, while the LV EDV increased gradually over time, and they were significantly negatively correlated
(r=—0.507, p<0.05). In the Met group, the center/remote ratio gradually increased with time, there was no signifi-
cant correlation between center/remote ratio and LV EDV (r=— 0.078, p>0.05). On the 30th day, the center/remote
ratio of the Met group was significantly higher than that of the Control group (0.81 £ 0.06 vs. 0.65+0.09, p < 0.05),
while LV EDV in Met group was significantly lower than in Control group (358.21£22.62 vs. 457.53£29.91, p<0.05).
There was no significant difference of LVEF between Met group and Control group at different time points after reper-
fusion (p <0.05). HE staining showed that the myocardial infarction and fibrosis in ischemic center area of the Control
group was more serious than that of the Met group.

Conclusions: Met could attenuate the severity of MIRI, delay and prevent the progress of LV remodeling. The cardio-
protective progress could be dynamically assessed by "®F-FDG micro-PET/CT imaging.
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Background

Myocardial infarction (MI) is one of the major cardio-
vascular diseases that seriously endanger human health
[1]. Early reperfusion after primary percutaneous coro-
nary intervention (PCI) is still the standard and most
effective method to treat myocardial infarction MI [2, 3].
However, reperfusion therapy is a "double-edged sword",
which can not only restore the supply of myocardial oxy-
gen, but also aggravate the secondary damage of ultras-
tructure, metabolic level, cell activity and local function
of myocardial cells, leading to an irreversible myocardial
ischemia—reperfusion injury (MIRI) [4—6]. This undesir-
able MIRI can lead to myocardial remodeling, myocardial
fibrosis and eventually cardiomyocyte death [7-10], thus
causing severe systolic dysfunction. Although the treat-
ment of MIRI has made remarkable progress in recent
decades, the morbidity (up to 25%) and mortality of heart
failure after acute MI are still at a high level, and the qual-
ity of life and prognosis are poor [11, 12]. Therefore, in
the early stage of myocardial ischemia, targeted diagnosis
and treatment for MIRI can prevent its occurrence and
development, which is of great significance to improve
left ventricular function and long-term prognosis of MI
patients.

As a commonly used hypoglycemic agent for patients
with type 2 diabetes mellitus (T2DM), the protective
effect of metformin (Met) on ischemic myocardium has
also attracted much attention [13—16], but its molecular
mechanisms have not yet been fully understood. UKPDS
(United Kingdom Prospective Diabetes Study) [17]
showed that the improvement of blood glucose control in
overweight patients treated with metformin could reduce
cardiovascular end points related to diabetes compared
to conventional methods. In few previous studies, MIRI
models of mice and rats in vivo and in vitro were used
to evaluate the cardiovascular protective effect of Met on
metabolic parameters and left ventricular (LV) function
[18-20]. However, only pathological and immunohisto-
chemical methods are adopted to evaluate the efficacy
of Met at the endpoint of treatment, lacking systematic
and continuous specific molecular imaging information
in vivo, including myocardial cell perfusion, cell activity,
energy metabolism, inflammatory response and dynamic
changes of neuronal activity. Therefore, the dosing regi-
men (dose and time) of Met for MIRI has not yet been
determined, and the dynamic effect of Met MIRI patho-
physiology is still unclear.

Positron emission tomography/computed tomogra-
phy (PET/CT) is a highly sensitive and non-invasive

molecular imaging modality which provides an oppor-
tunity to explore various pathophysiological processes
within MI in vivo by using various radiotracers [21, 22].
It could provide quantitative and semi-quantitative infor-
mation of local anatomical morphology, metabolism and
functional parameters [23]. Therefore, it may be used to
dynamically and real-timely evaluate the pathophysi-
ological characteristics of MIRI in vivo at the molecular
level, including blood perfusion, cardiomyocyte metabo-
lism and cell activity. Because the size of rat can provide
a more detailed image in vivo and the characteristics of
myocardium metabolism in rats are more similar to those
of humans, Sprague—Dawley (SD) rat model is becom-
ing attractive in cardiovascular system PET/CT imaging.
However, there is little research about MIRI in the SD rat
model.

In this study, "*F-FDG PET/CT myocardial metabolism
imaging would be used in the SD rat model to dynami-
cally evaluate the effects of Met intervention on MIRI at
molecular level.

Methods

Male SD rats (4-6 weeks) were purchased from SPF
(Beijing) Biotechnology Co., LTD. Rats were maintained
in a temperature-controlled room (25 °C) with a natural
day/night cycle and fed with a standard rodent diet and
water. Photographic developer ®F-FDG was purchased
from HTA Co., Ltd. (Beijing, China). The experimen-
tal apparatuses mainly included: Inveon Micro-PET/CT
scanner (SIEMENS, Germany), Matrx VMR anesthesia
machine (Matrx, USA), LeicaRM2235 slicer (Beijing light
division technology development Co., Ltd.) and immu-
nohistochemical microscope imaging system (ECLIPSE
50I/55I, NICON). The experiments were carried out
under the permission of the Project (NO.: AEEI-2019-
167) approved by the Animal Care Committee of Capital
Medical University, in compliance with the Animal Man-
agement Rule of the Chinese Ministry of Health (docu-
mentation 55, 2001) for the care and use of animals.

Establishment of rat MIRI models

All rats were anesthetized by intravenous injection of
10% chloral hydrate, and then mechanically ventilated by
tracheal intubation. The left anterior descending (LAD)
coronary artery was ligated near the root of lung arch for
30 min, and the ischemia—reperfusion injury model was
established. Changing gray of myocardium indicated suc-
cess of ligation. When the color of myocardium from the
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ligation area returned to normal, it meant the reperfusion
was successful.

Animal groups

20 rats were randomly divided into two groups: (1) Con-
trol group (n=6/9, the former referred to the number
of successful rats in each group and the latter referred
to total numbers of preparations in this group); (2) Met
group (n=6/11). The Met group was given metformin
(50 mg/kg) twice a day from the first day after operation,
while the Control group was given the same volume of
0.9% saline.

Image acquisition, reconstruction and analysis

Rats were anesthetized with isoflurane. Serial gated '°F-
FDG (40Mbq) micro-PET/CT imaging was performed
at different time points (day 1st, day 7th, day 14th and
day 30th after operation). Thickness, matrix, acquisition
time and energy window of PET scan were 0.78 mm,
128 mm x 128 mm, 20 min and 350-650 keV respec-
tively. Voltage, current, thickness and acquisition time
of CT scanning were 80 kV, 500 pA, 0.1 mm and 10 min
respectively. After scanning, the iterative reconstruc-
tion (4 iterations and 8 subsets) was performed by using
OSEM 3D. Volumes of interest (VOIs) were drawn to
identify different myocardium regions (ischemia center,
peri-ischemia area and remote area). We defined apex
as ischemia center, the border as peri-ischemia area
and the posterior wall as remote area. Here, the target/
background ratio (TBR) referred to the center/remote
ratio. Standardized uptake values (SUVs) (SUV .., and
SUV,.,) were analyzed to evaluate the FDG uptake activ-
ity. In addition, the LV end-diastolic volume (EDV), end-
systolic volume (ESV) and LV ejection fraction (LVEF)
were obtained.

Histological studies

All rats were sacrificed on the 30th day after PET/CT
image acquisition. Thoracic cavity was cut open along
the midsternal line. The heart was collected and washed
with 0.9% sodium chloride solution. The atrium was cut
along the coronal sulcus, and then the interventricular
septum and right ventricle were cut along the septum to
obtain the left ventricular myocardium. After being fixed
with 4% paraformaldehyde and embedded in paraffin,
the slices were continuously cut with a thickness of 5 pm.
One out of every 5 sections were stained with routine
HE.
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Statistical analysis

Statistical analyses were carried out by SPSS 26.0 (IBM
SPSS® Statistics) software. The measured data con-
forming to normal distribution were expressed as mean
(M) £ standard deviation (SD). Counting data and clas-
sification variables were given as frequency or percent-
age (%). All the results were calculated three times.
One-way ANOVA was used for comparison between
different groups, and non-parametric T test was used
for comparison at different time points within the same
group. Pearson’s correlation analysis was used to ana-
lyze the relationship between TBR and cardiac function
parameters. For all the tests, p <0.05 was considered to
be statistically significant.

Results

'8F-FDG micro-PET/CT quantitative analysis

SUV ..« Vvalue in different areas, ratio of SUV,, in
central/remote area (TBR) and left ventricular func-
tion characteristics were summarized in Table 1.TBR
and EDV showed statistical differences between two
groups, while no significant differences were found in
other parameters in the table. Especially in Met group,
the TBR gradually increased with time, but there was
no obvious changes trend at each time point in Con-
trol group. On day 30th, the TBR in Met group was
significantly higher than that OF the Control group
[(0.88 +0.06) vs. (0.72 +0.09), p <0.05] (Fig. 1).

Met attenuated IR-induced LV dysfunction

No significant differences in LV ESV values were found
between two groups at different time points. How-
ever, from day 1st to day 30th after operation, the LV
EDV values gradually increased, which was more sig-
nificant in the Control group [(358.21+22.62) vs.
(407.53429.91) mm?3, p < 0.05]. This indicated that Met
could slow down the enlargement of LV secondary to
I/R injury (Fig. 2).

Met reduced heart infarct severity and LV size

The TBR and LV EDV were negatively correlated in Con-
trol group (r=— 0.507, p<0.05), while there was no sig-
nificant correlation in Met group (r=— 0.078, p>0.05)
(Fig. 3). This demonstrated that as the enlargement of
the cardiac chamber, myocardial damage in the ischemic
central area is gradually aggravated without Met inter-
vention. Imaging showed that LV size in the Control
group increased gradually with time. However, there was
no significant changes at different time points in Met
group. On the day 30th after operation, the LV size in
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Table 1 SUV,,,, values and LV function characteristics at different time points in Metformin group (n=6) and Control group (n=:6)
Indicators Groups Day 1st Day 7th Day 14th Day 30th
Ischemia center (mm?) Met 2024040 1.80+1.16 2314084 1914018
Con 3.754£233 3204£042 2334+0.17 3224021
Peri-ischemia (mm?3) Met 261+0.33 251134 2.70+£0.68 2.15+0.94
Con 432+£133 3914098 2.85+0.38 425+£098
Remote Area (mm?) Met 241+£0.80 2144052 28240388 233+£044
Con 4.15£099 360+0.17 2.80+0.14 4.85+£041
Center/Remote ratio Met 0.71+£0.16 0.73+0.05 0.784+0.13 0.8840.06"
Con 0.72+£0.18* 0.77£0.14* 0.76 £0.17* 0.72 4 0.09%*
ESV (mm?) Met 88.10£15.58 60.10£34.31 92.66£36.50 68.004+8.48
Con 80.5042.21 68.20£24.55 99.12+£30.40 7541+£6.23
EDV (mm?) Met 254.204+70.19 291.614+65.58 329.67 £74.60 3582142262*
Con 217.12419.79* 27092 4+2661* 349.67 £46.66* 407.53+£29.91%
LVEF (%) Met 70.80+£2.24 79.59+£342 76.22+£3.12 81.014+142
Con 67.854+2.28 7841+£245 73.09+£2.99 83.58+1.12

Data are presented as mean =+ SD or percentage (%) of subjects
ESV end-systolic volume, EDV end-diastolic volume, LVEF left ventricular ejection fraction
# Comparison between Met group and Control group, p <0.05

*Correlation analysis between Center / Remote ratio and EDV, p <0.05

Met group was significantly smaller than that of the Con-

2 trol group (Fig. 4).
E 1
= 09 Histological studies
% 08 HE staining of myocardial tissue sections in ischemia
g 0.7 center area of rats in both groups showed that myocar-
g 06 dial cells were swollen, with uneven distribution of cyto-
2 05 plasm, granular agglutination, eosinophilia and blurred
% 0.4 or disappeared stripes (Fig. 5). It was confirmed that the
e myocardial infarction and fibrosis in the ischemic central
3 NPT WSS Y )

B & Y ¥ R area of the Control group were more serious than those

Control group Met group in the Met group. Biopsies from two groups in remote

areas showed normal myocardial tissue with clear stria-

Fig. 1 Change of TBR (Center/Remote ratio) at different time points R . R
9 9 ( ) P tions and intact cell membranes and nuclei.

in Control Group and Met Group

500 1 & Control p<0.05 175 1 B Control 2>0.05
BMet B Met
450 A 150 A
= 400 A T 125 A
E 350 - g
> > 100 -
A 300 - n
m T SR
250 =
200 - 50 1
150 A = 25
dayl day7 dayl4  day30 dayl day7 dayl4  day30
Fig. 2 Change of LV ESV and EDV at different time points in Control group and Met group. £SV end-systolic volume, EDV end-diastolic volume




Su et al. BMC Cardiovascular Disorders (2022) 22:310

Page 5 of 8

Control
group

1.3 - r=-0.507 1.3 1 r=-0.078
= 12 . * <0.05 12 4 . p>0.05
@ 1.1 A 1.1 -
2 1.0 1 1.0 - @,
= 4
S 09 - 0.9 - e o *
2 $ .
*g 0.8 1 0.8 » VS
0.7 A J e &
& 07 e s ¢
5 0.6 0.6 A . 'S L 2
S 0.5 - 0.5 - L 4
© 0.4 T T T T 0.4 T T T )
100 200 300 400 500 100 200 300 400 500
EDV(mm?) EDV(mm?)
Control group Met Group
Fig. 3 Correlation analysis between EDV and TBR (Center/Remote ratio). EDV, end-diastolic volume
dayl day7 dayl14 day30

Fig. 4 Representative PET/CT images of rat hearts at different time points from ischemia/reperfusion injury model

Discussion

Metformin, as a safe, effective and relatively low-cost
drug, was recommended as the first choice in the treat-
ment of T2DM complicated with heart failure by the
clinical guidelines of American Diabetes Association
in 2014. Interestingly, it has also been documented for
cardioprotective effects in animal researches and clini-
cal trials [24, 25]. However, the underlying mechanism is
still controversial. A recent meta-analysis [26] including
27 in vitro (myocardium and heart) and in vivo studies
(animal experiments and clinical trials) found that Met
treatment in I/R models could reduce the area of myo-
cardial ischemia and infarction, reduce the degree of ven-
tricular remodeling (EDV and ESV), and improve cardiac

function and LVEF. The cardioprotective effect has also
been confirmed in many models of acute cardiac injury.
Solskov et al. [27] reported that Met exerted a protective
effect on rat heart subjected to cardiac I/R injury in vitro
when administered before a coronary occlusion was
inflicted. Another study [28] confirmed the cardioprotec-
tive effect of Met in mice in vivo, also when administered
during the reperfusion stage. However, only pathologic
and immunohistochemical methods were used in the
acute stage or at the end of treatment. There were no
reports of dynamic, systematic and continuous in vivo
imaging studies.

BE-FDG PET/CT imaging is internationally recog-
nized as the "gold standard" for evaluating myocardium
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Met group

viability. The information such as myocardial perfusion,
myocardial metabolism, myocardial cell activity, local
systolic function, left ventricular function and ventricu-
lar remodeling can be obtained at the same time [29].
Therefore, in this study, 'F-FDG PET/CT technology
was used to explore the effect and potential value of
Met intervention on MIRI in rats from the perspective
of molecular imaging. Our current research was unique
in that a serial gated myocardial metabolism imaging by
micro-PET/CT was performed in rats I/R injury model in
acute phase (day 1st, day 7th), subacute phase (day 14th)
and chronic phase (day 30th) respectively after modeling.
The effects of Met on heart were evaluated dynamically,
including the uptake (SUV,,,) in different myocardium
regions (ischemia center, peri-ischemia area and remote
area), and left ventricular function. TBR value of Met
group gradually increased, and was significantly higher
than that of Control group on day 30th. These results
showed that Met improved FDG uptake in myocardium
in ischemic center and reduced the severity of I/R injury
with time. From day 1st to day 30th after operation, the
LV EDV values in the Control group gradually increased.
On the day 30th, it was more significant than that in Met
group, which indicated that Met may prevent or delay
the progress of LV remodeling secondary to I/R injury.
The key finding was that after 1 month treatment, Met

intervention not only reduced the severity of I/R injury
but also delayed the ventricular remodeling. For the
first time, in vivo molecular imaging proved that Met
treatment can improve the glucose metabolic activity of
ischemic myocardium, delay the occurrence and devel-
opment of ventricular remodeling. It was also proved
that Met treatment had myocardial protective effect on
ischemic myocardium at molecular level.

The identification of inflammation and viable myo-
cardium is a common problem [30]. Earlier studies have
already demonstrated the metabolic changes in myocar-
dium, skeletal muscle, and brain in mouse model under
different conditions, i.e., fasted /non-fasted. In the non-
fasted state, the uptake of imaging agent by cardiomyo-
cytes was higher; while in the fasted state, the uptake
of imaging agent by cardiomyocytes was lower, and the
FDG uptake at this time mainly reflected inflammatory
uptake. In this study, rats were fed with a normal diet,
which mainly reflected the viable myocardium [31] In
the follow-up studies, ammonia PET myocardial perfu-
sion imaging would be added for integrated multimodal
acquisition.

There are also some deficiencies in this study. First of
all, the end time of Met intervention treatment was only
30 days. Severe I/R injury may not fully develop in such a
short period of time, which could explain why the LVEF
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did not change significantly with the passage of time in
this study. Here, research with longer intervention time
and larger sample size is needed in the future. Secondly,
only one treatment regimen was adopted at the begin-
ning of reperfusion, which might be improved with a
more complete regimen, including Met intervention
before reperfusion, at the beginning of reperfusion and
later after reperfusion. Finally, only a single dose (50 mg/
kg twice a day) was used, which resulted in a lack of com-
parative analysis of high and low dose to evaluate the
cardioprotective efficacy with different dosages. These
deficiencies will be improved in further research.

Conclusions

In summary, our study demonstrated that the Met could
attenuate the severity of I/R injury on myocardium and
delay or prevent the progress of LV remodeling. The car-
dioprotective effect could be dynamically evaluated by
8E-FDG micro-PET/CT imaging. These findings under-
score the potential beneficial effects of Met in MIRI and
provide further evidence that Met should be assessed
prospectively in a long-term study. In addition, further
investigations are needed to evaluate the effects of differ-
ent dose of Met on MIRL
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