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Abstract

n (AMI) is an important process. The present study aimed to assess
Background:Cardiac remodeling after acute myocardial infarctio
the protective effects of astaxanthin (ASX) on cardiac remodeling after AMI.
Methods: The study was conducted between April and September 2018. To create a rat AMI model, rats were anesthetized, and the
left anterior descending coronary artery was ligated. The rats in the ASX group received 10 mg·kg�1·day�1 ASX by gavage for
28 days. On the 1st day after AMI, but before ASX administration, six rats from each group were sacrificed to evaluate changes in
the heart function and peripheral blood (PB) levels of inflammatory factors. On the 7th day after AMI, eight rats from each group
were sacrificed to evaluate the PB levels of inflammatory factors and theM2macrophage count using both immunofluorescence (IF)
and flow cytometry (FC). The remaining rats were observed for 28 days. Cardiac function was examined using echocardiography.
The inflammatory factors, namely, tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), and IL-10, were assessed using enzyme-
linked immunosorbent assay. The heart weight/body weight (BW), and lung weight (LW)/BW ratios were calculated, and
myocardial fibrosis in the form of collagen volume fraction was measured usingMasson trichrome staining. Hematoxylin and eosin
(H&E) staining was used to determine the myocardial infarct size (MIS), and TdT-mediated dUTP nick-end labeling staining was
used to analyze the myocardial apoptosis index. The levels of apoptosis-related protein, type I/III collagen, transforming growth
factor b1 (TGF-b1), metalloproteinase 9 (MMP9), and caspase 3 were assessed by Western blotting. Unpaired t-test, one-way
analysis of variance, and non-parametric Mann-Whitney test were used to analyze the data.
Results: On day 1, cardiac function was worse in the ASX group than in the sham group (left ventricular end-systolic diameter
[LVIDs]: 0.72± 0.08 vs. 0.22± 0.06 cm, t=�11.38; left ventricular end-diastolic diameter [LVIDd]: 0.89± 0.09 vs. 0.48± 0.05 cm,
t=�9.42; end-systolic volume [ESV]: 0.80 [0.62, 0.94] vs. 0.04 [0.03, 0.05] mL, Z=�2.89; end-diastolic volume [EDV]: 1.39
[1.03, 1.49] vs. 0.28 [0.22, 0.32] mL, Z=�2.88; ejection fraction [EF]: 0.40± 0.04 vs. 0.86± 0.05, t= 10.00; left ventricular
fractional shortening [FS] rate: 0.19 [0.18, 0.20] %FS vs. 0.51 [0.44, 0.58] %FS, Z=�2.88, all P< 0.01; n= 6). The levels of
inflammatory factors significantly increased (TNF-a: 197.60 [133.89, 237.94] vs. 50.48 [47.21 57.10] pg/mL, Z=�2.88; IL-1b:
175.23 [160.74, 215.09] vs. 17.78 [16.83, 19.56] pg/mL, Z=�2.88; IL-10: 67.64 [58.90, 71.46] vs. 12.33 [11.64, 13.98] pg/mL,
Z=�2.88, all P< 0.01; n= 6). On day 7, the levels of TNF-a and IL-1b were markedly lower in the ASX group than in the AMI
group (TNF-a: 71.70 [68.60, 76.00] vs. 118.07 [106.92, 169.08] pg/mL, F= 42.64; IL-1b: 59.90 [50.83, 73.78] vs. 151.60 [108.4,
198.36] pg/mL, F= 44.35, all P< 0.01, n= 8). Conversely, IL-10 levels significantly increased (141.84 [118.98, 158.36] vs. 52.96
[42.68, 74.52] pg/mL, F= 126.67, P< 0.01, n= 8). The M2 macrophage count significantly increased (2891.42± 211.29 vs.
1583.38± 162.22, F= 274.35, P< 0.01 by immunofluorescence test; 0.96± 0.18 vs. 0.36± 0.05, F= 46.24, P< 0.05 by
flowcytometry test). On day 28, cardiac function was better in the ASX group than in the AMI group (LVIDs: 0.50 [0.41, 0.56] vs.
0.64 [0.56, 0.74] cm,Z=�3.60; LVIDd: 0.70 [0.60, 0.76] vs. 0.80 [0.74 0.88] cm,Z=�2.96; ESV: 0.24 [0.18, 0.45] vs. 0.58 [0.44,
0.89] mL, Z=�3.62; EDV: 0.76 [0.44, 1.04] vs. 1.25 [0.82, 1.46] mL, Z=�2.54; EF: 0.60± 0.08 vs. 0.50± 0.12, F= 160.48; %
FS: 0.29 [0.24, 0.31] vs. 0.20 [0.17, 0.21], Z=�4.43, all P< 0.01; n= 16). The MIS and LW/BW ratio were markedly lower in the
ASX group than in the AMI group (myocardial infarct size: 32.50± 1.37 vs. 50.90± 1.73, t= 23.63, P< 0.01, n= 8; LW/BW:
1.81± 0.15 vs. 2.17± 0.37, t= 3.66, P= 0.01, n= 16). The CVF was significantly lower in the ASX group than in the AMI group:
12.88± 2.53 vs. 28.92± 3.31, t= 10.89, P< 0.01, n= 8. The expression of caspase 3, TGF-b1, MMP9, and type I/III collagen was
lower in the ASX group than in the AMI group (caspase 3: 0.38± 0.06 vs. 0.66± 0.04, t= 8.28; TGF-b1: 0.37± 0.04 vs.
0.62± 0.07, t= 6.39; MMP9: 0.20± 0.06 vs. 0.40± 0.06, t= 4.62; type I collagen: 0.42± 0.09 vs. 0.74± 0.07, t= 5.73; type III
collagen: 0.13± 0.02 vs. 0.74± 0.07, t= 4.32, all P< 0.01; n= 4).
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Conclusions: ASX treatment after AMI may promote M2 macrophages and effectively attenuate cardiac remodeling by inhibiting
inflammation and reducing myocardial fibrosis.
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Introduction suspension, it was dissolved in olive oil and stored in the
dark at 4°C. Enzyme-linked immunosorbent assay (ELISA)
Coronary artery disease (CAD) is the leading pathophysi-
ological cause of acute myocardial infarction (AMI) and
the most important cause of heart failure (HF) worldwide.
The development of CAD conferred a relative HF risk of
8.1 in human beings, which is more than four-fold higher
than the relative HF risk due to other major risk factors.[1]

The progression of HF is closely associated with cardiac
remodeling, a process involving molecular, cellular, and
interstitial events leading to clinically relevant changes in
the shape, size, andmass of the heart after cardiac injury.[2]

After myocardial infarction (MI), cardiac remodeling
reduces the ventricular wall pressure and temporarily
maintains the cardiac pump function. However, it
eventually evolves into a destructive maladaptive alter-
ation, leading to HF and even death.[3,4] Therefore,
clinicians must identify effective therapeutic targets to
prevent excessive myocardial fibrosis when treating
ventricular remodeling after AMI.

Astaxanthin (ASX) is a xanthophyll carotenoid that
contains two oxygenated groups on each ring structure,
which account for the enhanced antioxidant activity.[5]

ASX is a stronger peroxide radical scavenger than beta-
carotene, alpha-tocopherol, alpha-carotene, lutein, and
lycopene.[6] Studies have reported that ASX can reduce
renal fibrosis, improve renal cell apoptosis, fight cancer,
and increase the potential of stem cells.[7,8] It can also
prevent vocal cord scarring in the early stages of wound
healing by regulating the oxidative stress response.[9] It
follows that ASX has a strong protective effect in the
myocardium. The present study aimed to determine
whether ASX improves cardiac remodeling after AMI.

Methods
Animals

All experimental protocols involving rats were performed
between April 2018 and September 2018 and were
approved by both the Animal Care and Use Committee
and the Ethics Committee for Animal Research (No.
20171005) at our institution. Clean male Sprague-Dawley
rats aged 6 to 8 weeks and weighing 220 to 250 g were
housed in a clean room at a constant temperature (22–
25°C) under a 12:12 h light-dark cycle. The rats were
purchased from Hunan SJA Laboratory Animal Co. Ltd.
(Hunan, China license, SCXK [Xiang] 2011-0003) and
provided food and water ad libitum. The present study was
performed in accordance with the recommendations of the
Guide for the National Science Council of China.

Preparation of reagents and instruments
787
ASX was purchased from Sigma-Aldrich (Shanghai,
China) and stored in the dark at �20°C. To obtain a
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kits against tumor necrosis factor-a (TNF-a), interleukin-
1b (IL-1b), and IL-10 were acquired from Neobioscience
(Shenzhen, China). TdT-mediated dUTP nick-end labeling
(TUNEL) kits and bovine serum albumin were purchased
from Roche Molecular Systems Inc. (Shanghai, China).
Western blotting in the present study used primary
antibodies against transforming growth factor b1 (TGF-
b1) (Abcam, Shanghai, China; ab92486, 1:500), glyceral-
dehyde-3-phosphate dehydrogenase (Abcam; ab37168,
1:10,000), type III collagen (Abcam; ab7778, 1:500),
metalloproteinase 9 (MMP9) (Abcam; ab76003, 1:1000),
caspase 3 (Abcam; ab49822, 1:500), and type I collagen
(Affbiotech, Changzhou, China; AF7001, 1:1000). The
secondary antibody was horseradish peroxidase-conjugat-
ed goat anti-rabbit IgG (Aspen, Wuhan, China; AS1107,
1:10,000). In the immunofluorescence (IF) test, a mouse
primary antibody against arginase-1 (Arg-1) (Santa Cruz
Biotechnologies, Shanghai, China; sc-271430, 1:50) was
used, while the secondary antibody was Cy3-labeled goat
anti-mouse IgG (Aspen; AS-1111, 1:50). The primary
antibodies used in flow cytometry (FC) test were as
follows: anti-Arg-1 (Novus, Shanghai, China; NBP1-
32731, 100mL), fluorescein isothiocyanate (FITC) mouse
anti-rat CD11b (BD, Shanghai China; Biosciences,
561684, 50 mg), and anti-CD68/SR-D1 (Novus; NB600-
985APC, 100mL). The secondary antibody used in FC test
were as follows: anti-rabbit IgG (H + L), F(ab’)2 fragment
(PE Conjugate) (Cell Signaling Technology, Shanghai,
China; 8885s, 250 mL), Rabbit IgG Isotype Control
[Unconjugated] (Novus; AB-105-C, 1 mg). Inverted Fluo-
rescence Microscope (Olympus, IX51, Japan), image
system of the inverted fluorescence microscope (Q-
imaging, MicroPublisher, Canada), and IMS image
analysis system (Wuhan, China) were used in the study.

Experimental design

The rats were randomly distributed to one of three groups
as follows: a sham group (n= 30) in which rats received
olive oil (10 mL/kg) by gavage, with no ligation of the left
anterior descending (LAD) coronary artery; an AMI group
(n= 30) in which rats received olive oil (10 mL/kg) by
gavage for 28 days after LAD coronary artery ligation; an
ASX group (n= 30) in which rats received ASX (10mL/kg)
by gavage for 28 days after LAD artery ligation. ASX was
administered at a concentration of 1 mg/mL, and the rats
were administered equal volumes of either olive oil or ASX
for 28 consecutive days.

Data were collected at three-time points in the present
study. Day 1: 24 h after LAD coronary artery ligation and
before ASX administration, six rats were randomly
selected from each group to have their cardiac function
evaluated by echocardiography; these animals were then
sacrificed and their inflammatory factors were determined
using ELISA. Day 7: on the 7th day after LAD coronary
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artery ligation, eight rats were randomly selected from
each group and sacrificed to evaluate the macrophage

determine the success of the model. On day 7 after the rat
AMI model was established, we detected inflammatory
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counts in their peripheral blood (PB) using FC, as well as in
the border zone using IF. Their inflammatory factors were
also determined using ELISA. Day 28: on the 28th day
after LAD coronary artery ligation, all remaining rats from
each group were subjected to echocardiography and
sacrificed. Their relative heart and lung weight (LW), as
well as their MI size, were assessed using hematoxylin and
eosin (H&E) staining, and their myocardial apoptosis
index (AI) was determined using TUNEL staining. The
levels of collagen deposition were determined using
Masson trichrome staining, and the expression of relative
myocardial fibrosis-related proteins was determined using
Western blotting.

Rat model of AMI
A rat model of AMI was established by permanently
ligating the LAD coronary artery, as previously
reported.[10,11] Rats were fasted for 24 h, given water
only, before surgery. They were weighed and anesthetized
by intraperitoneal injection of 40mg/kg pentobarbital
sodium (Sigma Aldrich, Shanghai, China). Their chest was
opened between the third and fourth ribs and the LAD
coronary artery was ligated 2 to 3mm from its origin,
between the left pulmonary artery cone and left atrium
appendage, using a 6-0 silk thread. To verify the success of
the model, rapid discoloration of the ischemic area from
pink to gray or dark red was observed below the ligation
line (anterior ventricular wall and apex), along with an
immediate elevation of up to 0.2 mV in the ST segment that
persisted for 30 min after ligation. For 3 consecutive days
after surgery, each rat was given 800,000 U of penicillin
per day to prevent infection.

The rats in the sham group underwent the same procedure,
except that only the puncture line was created from the left
atrium appendage to the left pulmonary artery cone, with
no ligation of the LAD coronary artery after the chest was
opened.

Changes in myocardial structure and detection of infarct

size

788
H&E staining was used to determine histopathological
changes in myocardial structure and infarct size. Freshly
removed heart tissuewas fixed using 4%paraformaldehyde
for at least 24 h and then dehydrated in different
concentrations of ethanol. The dehydrated sample was
then embedded in paraffin wax. Sections 4mm thick were
cut and stored at room temperature. These were stained
using H&E to observe pathological changes in cardiomyo-
cytes and calculate the infarction area size under a digital
microscope.Myocardial infarct size (MIS)was calculated as
follows: MIS (%) = (scar arc length � 2)/(endocardial
circumference + epicardial circumference) � 100%.

Inflammatory factors and macrophage detection

We detected the level of inflammatory factors twice. On
day 1 after LAD coronary artery ligation and before ASX
administration, we detected the cytokine levels in rat PB to
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factors in rat PB. We analyzed the M2 macrophage count
in PB using FC and the border zone using IF staining, as
reported previously.[12]

Inflammatory factor tests
ELISAwas used to detect TNF-a, IL-1b, and IL-10. On the
1st and 7th day after LAD coronary artery ligation blood
samples were collected, placed at room temperature for
1 h, and then centrifuged at 2000�g for 10 min at 4°C.
TNF-a, IL-1b, and IL-10 were detected in the supernatant
according to the ELISA kit instructions.

Flow cytometry
From each rat, 2 mL of PB was collected and the volume
was brought to 10 mL using red blood cell lysis buffer; the
samples were lysed for 15min in the dark at room
temperature and then centrifuged 2 to 3 times at 450�g for
5 min. The cells were incubated using Arg-1 antibody,
FITC-conjugated mouse anti-rat, and CD68/SR-D1 anti-
body at room temperature for 20 min. The samples were
then centrifuged at 450�g for 5 min, and the supernatant
was discarded. Next, the remaining cells were incubated in
the PE-conjugated anti-rabbit IgG (H + L) F(ab’)2
fragment secondary antibody at room temperature for
40min. The samples were centrifuged at 450�g for 5 min,
and the supernatant was discarded. The remaining cells
were dissolved in 200 mL phosphate-buffered saline (PBS)
for FC. Cell suspensions were stained using Arg-1
antibody, CD68/SR-D1 antibody, and FITC-conjugated
mouse anti-rat CD11b. M2 macrophages were defined as
CD68/CD11b/Arg-1-positive and detected using FC.

Immunofluorescence
The paraffin sections were dewaxed in xylene, dehydrated
using an alcohol concentration gradient, incubated in
hydrogen peroxide for 10 min, and soaked in PBS for
5 min. Subsequently, antigen retrieval was performed. The
primary and secondary antibodies were added sequential-
ly. The cardiac sections were then incubated with
antibodies directed against Arg-1 at a ratio of 1:50. The
fluorescent-labeled antibodies were observed using an
inverted microscope, and images were captured using the
MicroPublisher imaging system (Q-Imaging).

Evaluation of cardiac function, apoptosis, and fibrosis
On the 1st and 28th days after AMI, we evaluated cardiac
function twice using echocardiography. We calculated the
apoptotic index (AI) based on TUNEL staining and
observed myocardial fibrosis using Western blotting and
Masson trichrome staining on the 28th day after AMI.

Echocardiography
The rats were anesthetized using an intraperitoneal
injection of 40mg/kg of pentobarbital sodium. While
breathing uniformly, the rats were placed on their backs,
with their heads and limbs fixed on a flat plate. The hair
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was removed from the left front chest, exposing the skin. An
ultrasound diagnostic system (GE, Shanghai, China; Vivid 7)

proteins and incubated overnight at 4°C. The primary
antibodies were then removed, and the samples were
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and an S4 probe with a frequency of 2.5Hz were employed.
The probewas placedon the left side of the breastbone tofind
the left sectionof the shaft using two-dimensionalultrasound,
guided by the left ventricular outflow tract. Next, the probe
was rotated 90° to find the level of the left ventricular
papillary muscle in the cross-sectional tangent plane,
acquiring two-dimensional Doppler echocardiography. We
recorded the following parameters using the Ultrasonic
System software: left ventricular end-systolic posterior wall
thickness, left ventricular end-diastolic posterior wall
thickness, left ventricular end-systolic diameter (LVIDs), left
ventricular end-diastolic diameter (LVIDd), end-systolic
volume (ESV), end-diastolic volume (EDV). Ejection fraction
(EF) and% fractional shortening (FS) were calculated by the
ultrasonic system software.

Masson trichrome staining was performed to observe
cardiac collagen deposition and cardiac structure changes,
as well as to calculate the collagen volume fraction. Slices
were sequentially dewaxed in different concentrations of
xylene and ethanol solution. The nuclei were then stained
using iron hematoxylin and differentiated using hydro-
chloric acid alcohol for 10 s. The ammonia was allowed to
turn blue and the dip was then dyed using Ponceau for
7 min; it was then differentiated using phosphomolybdic
acid and aniline 3 min. The blue fiber was stained using
collagen fibers for 5 min, and the sections were placed in
glacial acetic acid solution for 1 min. Finally, the fiber was
dehydrated in different concentrations of xylene and
ethanol solutions. Quantitative analysis was performed
using the IMS Image Analysis System.

TUNEL staining and AI test
cytokines and promoted the expression of anti-inflammatory
According to the sample size, the appropriate amounts of
reagent 1 (TdT) and reagent 2 (dUTP) from the TUNEL kit
were mixed at a ratio of 1:9. The tissue was covered, and
the sections were placed in a wet box and incubated for
60min in a 37°C water bath. The slides were rinsed three
times in PBS for 5 min each, and the appropriate amount of
4’, 6-diamidino-2-phenylindole stain was added dropwise.
The cells were sealed on a new glass slide, and anti-
fluorescence quenched tablets were added. The slides were
observed under a fluorescence microscope (Olympus
IX51) and photographed. Apoptotic cells exhibited green
fluorescence. Four visual fields of each tissue were
randomly selected to calculate the AI usingMicroPublisher
imaging system (Q-imaging). The following equation was
used for AI calculation: AI = number of apoptotic nuclei/
number of total cardiac nuclei � 100%.

Western blotting analysis
789
Western blotting was performed to detect the expression of
the target proteins in cardiac tissue. Approximately 200 to
500mg of tissue from the infarcted border zone was cut
into pieces for total protein extraction. The same amount
of protein (40 mg) was loaded on sodium dodecyl sulfate-
polyacrylamide gels (8%–20%) for gel electrophoresis and
then transferred to 0.45 mm polyvinylidene fluoride
membranes. Primary antibodies were added to the resolved
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incubated with the secondary antibodies for 1 h at room
temperature. The gray values of the target bands were
analyzed using AlphaEase FC processing software (Alpha
Innotech, California, USA).

Statistical analysis

All data are presented as the mean ± standard deviation
or median (P25, P75) and analyzed using SPSS 21.0
software (Chicago, IL, USA). Graphs were plotted using
GraphPad Prism 7.0 software (GraphPad Software Inc.,
San Diego, CA, USA). Comparisons between two groups
were performed using the unpaired t-test or non-
parametric Mann-Whitney test. One-way analysis of
variance was used for multiple comparisons. Two-tailed
differences were considered statistically significant at
P values <0.05.

Results
AMI induced significant deterioration in cardiac function
and increased inflammatory factors

After LAD coronary artery ligation, the function of the
rats’ hearts deteriorated in both AMI and ASX groups, and
no significant difference was observed between the two
groups. This demonstrated that we successfully con-
structed the AMI model to compare the ASX group with
the sham group (LVIDs: 0.72± 0.08 vs. 0.22 ± 0.06 cm, t=
�11.38; LVIDd: 0.89± 0.09 vs. 0.48± 0.05 cm, t=
�9.42; ESV: 0.80 [0.62, 0.94] vs. 0.04 [0.03, 0.05] mL,
Z=�2.89; EDV: 1.39 [1.03, 1.49] vs. 0.28 [0.22, 0.32]
mL, Z =�2.88; EF: 0.40± 0.04 vs. 0.86± 0.05, t= 10.00;
%FS: 0.19 [0.18, 0.20] vs. 0.51 [0.44, 0.58],Z=�2.88; all
P< 0.01; n= 6) [Table 1]. In addition, the level of
inflammatory factors was increased before ASX adminis-
tration (ASX vs. Sham: TNF-a, 197.60 [133.89, 237.94]
vs. 50.48 [47.21, 57.10] pg/mL, Z=�2.88; IL-1b, 175.23
[160.74, 215.09] vs. 17.78 [16.83, 19.56] pg/mL, Z=�
2.88; IL-10, 67.64 [58.90, 71.46] vs. 12.33 [11.64, 13.98]
pg/mL, Z =�2.88, all P< 0.01; n = 6) [Table 1].

ASX significantly inhibited expression of pro-inflammatory
cytokines on day 7 after myocardial infarction

The TNF-a and IL-1b levels were significantly lower in the
ASX group than in the AMI group on the 7th day after
AMI (TNF-a: 71.70 [68.60, 76.00] vs. 118.07 [106.92,
169.08] pg/mL, F= 42.64; IL-1b: 59.90 [50.83, 73.78] vs.
151.60 [108.44, 198.36] pg/mL, F= 44.35, all P< 0.01,
n= 8), while the anti-inflammatory factor IL-10 level was
significantly higher in the ASX group than in the AMI
group (141.84 [118.98, 158.36] vs. 52.96 [42.68, 74.52],
F= 126.67, P< 0.01; n= 8) [Table 2].

ASX treatment improved cardiac function
The cardiac echocardiographic parameters were signifi-
cantly worse in the AMI group. Conversely, the ASX group
showed that cardiac function deterioration reduced, and
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the results were statistically significant compared with the
AMI group (LVIDs: 0.50 [0.41, 0.56] vs. 0.64 [0.56, 0.74] cm,

serious enlargement of the left ventricle in rats of the AMI
group. A large number of myocardial fibers had broken

Table 1: Echocardiographic parameters and inflammatory factors level on day 1 after AMI before ASX administration.

Parameters Sham (n= 6) AMI (n= 6) ASX (n= 6) Statistics P Statistics P

LVPWs (cm) 0.26± 0.02 0.26± 0.01 0.25± 0.01 0.84
∗

0.42 1.03† 0.33
LVPWd (cm) 0.17± 0.02 0.18± 0.01 0.17± 0.01 �0.03

∗
0.98 1.09† 0.30

LVIDs (cm) 0.22± 0.06 0.71± 0.07 0.72± 0.08 �11.38
∗

<0.01 �0.23† 0.82
LVIDd (cm) 0.48± 0.05 0.84± 0.08 0.89± 0.09 �9.42

∗
<0.01 �1.05† 0.32

ESV (mL) 0.04 (0.03, 0.05) 0.71 (0.59, 1.10) 0.80 (0.62, 0.94) �2.89‡ <0.01 �0.16x 0.87
EDV (mL) 0.28 (0.22, 0.32) 1.18 (0.97, 1.66) 1.39 (1.03, 1.49) �2.88‡ <0.01 �0.16x 0.87
EF 0.86± 0.05 0.38± 0.07 0.40± 0.04 10.00

∗
<0.01 �0.58† 0.58

%FS 0.51 (0.44, 0.58) 0.18 (0.14, 0.19) 0.19 (0.18, 0.20) �2.88‡ <0.01 �0.80x 0.42
TNF-a (pg/mL) 50.48 (47.21, 57.10) 177.27 (132.14, 272.39) 197.60 (133.89, 237.94) �2.88‡ <0.01 �0.16x 0.87
IL-1b (pg/mL) 17.78 (16.83, 19.56) 173.18 (142.97, 216.40) 175.23 (160.74, 215.09) �2.88‡ <0.01 �0.64x 0.52
IL-10 (pg/mL) 12.33 (11.64, 13.98) 60.44 (50.32, 81.18) 67.64 (58.90, 71.46) �2.88‡ <0.01 �0.32x 0.75

Data are expressed as mean± standard deviation, or median (P25, P75).
∗
t values, the ASX group vs. the Sham group; †t values, the ASX group vs. the

AMI group; ‡Z values, the ASX group vs. the Sham group; xZ values, the ASX group vs. the AMI group. AMI: Acute myocardial infarction; ASX:
Astaxanthin; LVPWs: Left ventricular end-systolic posterior wall thickness; LVPWd: Left ventricular end-diastolic posterior wall thickness; LVIDs: Left
ventricular end-systolic diameter; LVIDd: Left ventricular end-diastolic diameter; ESV: End-systolic volume; EDV: End-diastolic volume; EF: Ejection
fraction; %FS: Left ventricular shortening rate; TNF-a: a-tumor necrosis factor; IL-1b: Interleukin-1b; IL-10: Interleukin-10.

Table 2: Inflammatory factors on day 7 after AMI.

Parameters Sham (n= 8) AMI (n= 8) ASX (n= 8) F P

TNF-a (pg/mL) 50.87 (45.31, 55.44) 118.07 (106.92, 169.08) 71.70 (68.60, 76.00) 42.64 <0.01
IL-1b (pg/mL) 17.90 (15.29, 21.21) 151.60 (108.44, 195.36) 59.90 (50.83, 73.78) 44.35 <0.01
IL-10 (pg/mL) 12.64 (10.84, 23.34) 52.96 (42.68, 74.52) 141.84 (118.98, 158.36) 126.67 <0.01

Data are expressed as median (P25, P75). AMI: Acute myocardial infarction; ASX: Astaxanthin; TNF-a: a-tumor necrosis factor; IL-1b: Interleukin-1b;
IL-10: Interleukin-10.
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Z=�3.60; LVIDd: 0.70 [0.60, 0.76] vs. 0.80 [0.74, 0.88] cm,
Z=�2.96; ESV: 0.24 [0.18, 0.45] vs. 0.58 [0.44, 0.89] mL,
Z=�3.62; EDV: 0.76 [0.44, 1.04] vs. 1.25 [0.82, 1.46] mL,
Z=�2.54, all P< 0.05; EF: 0.60± 0.08 vs. 0.50± 0.12,
F= 160.48; %FS: 0.29 [0.24, 0.31] vs. 0.20 [0.17, 0.21],
Z=�4.43, all P< 0.01; n= 16) [Table 3]. The relative LW
ratiowas significantly lower in theASXgroup than in theAMI
group (LW/body weight [BW]: 1.81± 0.15 vs. 2.17± 0.37,
t= 3.66, P= 0.01; n= 16) [Table 4].

ASX reduced myocardial infarction size after AMI
than in the AMI group on day 7 after myocardial infarction

790
After 28 days of AMI, the heart samples in the AMI group
were visually dilated, and myocardial transmural necrosis
in the infarcted area was pale and thin. However, the
infarct size in the ASX group was smaller. H&E-stained
samples from the sham group revealed that the cardio-
myocytes were uniformly arranged, and the capsule was
intact. However, the cell gaps were uniform, and the
muscle fibers were completely aligned. In the AMI group,
the cardiomyocytes were disorganized, and the capsule
was damaged. Moreover, the number of nuclei had
decreased and the muscle fibers had shrunk or even
broken. ASX treatment alleviated these myocardial
pathological changes after AMI. On day 28 after AMI,
the count of inflammatory cells infiltrated the infarcted
area and border zone was less than that in the earlier stages
after AMI. Several inflammatory factors, including macro-
phages, were visible in the visual field [Figure 1A–1C]. For
the heart cavity section, myocardial infarction led to a

1

down and were replaced by collagen fibers in the infarcted
area. However, ASX administration ameliorated this
change, especially in cases of smaller MIS, where the
condition of the myocardial cells in the infarcted area also
improved significantly. Although many necrotic and
broken myocardiocytes were still present, the necrosis
was incomplete; thus, the heart retained part of its normal
structure [Figure 1E and 1F]. The infarct size was
significantly smaller in the ASX group rats than in the
AMI group rats (MIS [%]: 32.50± 1.37 vs. 50.90± 1.73,
t= 23.63, P< 0.01; n= 8).

ASX reduced collagen production after AMI

On day 28 after AMI, the collagen fibers were stained blue
and the myocardium red. There was no obvious fibroplasia
in the sham group, while in the AMI group, there was
myocardial hyperplasia, and the cardiomyocytes were
disorganized. In the ASX group, cardiac fibrosis was
significantly less than in the AMI group, and the collagen
fibers were essentially aligned [Figure 2A–2C]. The
collagen volume fraction in the ASX group was consider-
ably lower than in the AMI group (12.88 ± 2.53 vs.
28.92± 3.31, P< 0.01; n= 8) [Figure 2D].

The proportion of M2 macrophages was higher in the ASX group
We used IF staining and FC to quantitatively analyze macro-
phages. In the IF-stainedparaffin sections,macrophagenuclei
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were stained blue and surface markers red [Figure 3A–3C].
The integrated optical density was higher in the ASX group

group than in the AMI group on day 7 after AMI
(1583.38± 162.22 vs. 199.49± 91.09, 2891.42± 211.29

Table 4: Relative heart/lung weight ratio on day 28 after AMI.

Parameters Sham (n= 16) AMI (n= 16) ASX (n= 16) t
∗

P
∗

HW/BW (mg/g) 1.41± 0.05 1.47± 0.19 1.35± 0.11 2.11 0.04
LW/BW (mg/g) 1.68± 0.14 2.17± 0.37 1.81± 0.15 3.66 0.01

Data are expressed as mean ± standard deviation.
∗
The ASX group vs. the AMI group. AMI: Acute myocardial infarction; ASX: Astaxanthin; BW: Body

weight; HW/BW: The relative heart weight ratio; LW/BW: The relative lung weight ratio.

Figure 1: ASX significantly reduced myocardial tissue abnormalities on day 28 after AMI. (A–C) Representative H&E-stained sections of the heart tissues from the Sham, AMI, and ASX
groups (n= 8 per group). (D–F) Representative H&E-stained sections of the heart cavity from the Sham, AMI, and ASX groups (n= 8 per group). The blue arrows indicate infiltrated
inflammatory cells. The black arrows indicate infarcted myocardium. Scale bar = 1000 mm. AMI: Acute myocardial infarction; ASX: Astaxanthin; H&E: Hematoxylin and eosin.

Table 3: Echocardiographic parameters on day 28 after AMI.

Parameters Sham (n= 16) AMI (n= 16) ASX (n= 16) Statistics P Statistics P

LVPWs (cm) 0.26± 0.01 0.23± 0.03 0.25± 0.02 – – 7.62
∗

<0.01
LVPWd (cm) 0.18± 0.03 0.16± 0.03 0.17± 0.02 – – 3.18

∗
0.05

LVIDs (cm) 0.24 (0.19, 0.26) 0.64 (0.56, 0.74) 0.50 (0.41, 0.56) �4.83† <0.01 �3.60‡ <0.01
LVIDd (cm) 0.50 (0.45, 0.52) 0.80 (0.74, 0.88) 0.70 (0.60, 0.76) �4.30† <0.01 �2.96‡ <0.01
ESV (mL) 0.04 (0.02, 0.07) 0.58 (0.44, 0.89) 0.24 (0.18, 0.45) �4.84† <0.01 �3.62‡ <0.01
EDV (mL) 0.28 (0.28, 0.34) 1.25 (0.82, 1.46) 0.76 (0.44, 1.04) �4.56† <0.01 �2.54‡ 0.01
EF 0.85± 0.05 0.50± 0.12 0.60± 0.08 – – 160.48

∗
<0.01

%FS 0.50 (0.44, 0.56) 0.20 (0.17, 0.21) 0.29 (0.24, 0.31) �4.82† <0.01 �4.43‡ <0.01

Data are expressed as mean ± standard deviation, or median (P25, P75).
∗
F values; +Z values, the ASX group vs. the Sham group, ‡Z values, the ASX

group vs. the AMI group. AMI: Acute myocardial infarction; ASX: Astaxanthin; LVPWs: Left ventricular end-systolic posterior wall thickness; LVPWd:
Left ventricular end-diastolic posterior wall thickness; LVIDs: Left ventricular end-systolic diameter; LVIDd: Left ventricular end-diastolic diameter; ESV:
End-systolic volume; EDV: End-diastolic volume; EF: Ejection fraction; %FS: Left ventricular shortening rate; –: No data.
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than in the AMI group, indicating that the infiltration ofM2
macrophages into the border zone was greater in the ASX

1

vs. 1583.38± 162.22, F= 274.35, all P< 0.01; n= 4)
[Figure 3D]. Similar results were obtained in the detection
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of M2 macrophages in PB samples using FC. In the FC
test, M2macrophages were defined as CD11b/CD68/Arg-1-

ASX reduced the levels of myocardial fibrosis-related
proteins of after AMI

Figure 2: ASX reduced collagen fiber content in the border zone on day 28 after AMI. (A–C) Representative Masson trichrome-stained sections of the heart tissue from the Sham, AMI, and
ASX groups (n= 8 per group) observed under a digital microscope. The blue striped structure is the proliferative collagen fiber. (D) Quantitative analysis of collagen volume fraction.
∗
P< 0.01 vs. sham; +P< 0.01 vs. the AMI group. Scale bar = 100mm. AMI: Acute myocardial infarction; ASX: Astaxanthin.
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positive cells; in the flow chart, the area of theQ2-1 quadrant
represents the proportion of M2 macrophages among
all cells in the tested sample [Figure 4A–4C]. The proportion
of M2 macrophages was higher in the ASX group,
which might be why ASX improved myocardial
remodeling after AMI (0.36± 0.05 vs. 0.26± 0.06,
0.96± 0.18 vs. 0.36± 0.05, F= 46.24, all P< 0.01; n= 4)
[Figure 4D].
ASX inhibited apoptosis of cardiomyocytes in the border
zones

792
The apoptotic cardiomyocytes were stained green under
fluorescence microscopy after TUNEL staining. Almost
no green spots were observed in the sham group, while a
large number were observed in the AMI group.
Apoptosis of cardiomyocytes was reduced significantly
in the ASX group [Figure 5A–5C]. The AI of the
cardiomyocytes was significantly higher in the AMI
group than in the sham group, and ASX treatment
reversed this difference (2.17 ± 0.44 vs. 0.28 ± 0.08,
1.45 ± 0.03 vs. 2.17 ± 0.44; F = 54.02, all P< 0.01;
n = 4) [Figure 5D].

1

We evaluated the levels of classical protein markers
associated with myocardial fibrosis after AMI, including
caspase 3, TGF-b1, MMP9, and collagen I/III on day 28
after AMI. In the AMI group, levels of these indicators
were higher than in the sham group (caspase 3: 0.66± 0.04
vs. 0.10± 0.03, TGF-b1: 0.62± 0.07 vs. 0.15± 0.02,
MMP9: 0.40± 0.06 vs. 0.05± 0.01, type I collagen:
0.74± 0.07 vs. 0.15± 0.04, type III collagen:
0.24± 0.05 vs. 0.05± 0.01, n= 4), and ASX significantly
reduced expression of these proteins (caspase 3:
0.38± 0.06 vs. 0.66± 0.04, F= 170.02, TGF-b1:
0.37± 0.04 vs. 0.62± 0.07, F= 101.85, MMP9: 0.20±
0.06 vs. 0.40± 0.06, F= 50.68, collagen I: 0.42 ± 0.09 vs.
0.74± 0.07, F= 72.31, collagen III: 0.13± 0.02 vs.
0.24± 0.05, F= 42.91; all P< 0.01; n= 4) [Figure 6A–6E].

Discussion
Pathological cardiac remodeling comprises structural and
functional changes in the left ventricle in response to
cardiovascular damage or pathogenic risk factors. It is
associated with inflammation and myocardial fibrosis.
Generally, there are three different phases after AMI,
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namely, the inflammatory infiltration phase (hours to days),
subsequent proliferative phase (days to weeks), and matu-

ASX-treated rats and that the change was positively
correlated with the blood drug concentration. They

Figure 3: M2 macrophage count increased in the repair stages, as shown by IF staining on day 7 after AMI. (A–C) Representative IF staining sections of the heart from the Sham, AMI, and
ASX groups (n= 4 per group) tissue observed under a fluorescence microscope. (D) Quantitative histogram of IF data.

∗
P< 0.01 vs. sham; +P< 0.01 vs. the AMI group. Scale bar= 20 mm.

AMI: Acute myocardial infarction; Arg-1: Arginase-1; ASX: Astaxanthin; IF: Immunofluorescence; IOD: Integrated optical density.
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ration phase (several weeks).[13,14] The inflammatory
response to AMI plays a crucial role in determining the
infarct size and subsequent adverse cardiac remodeling.
According to previous studies, the 7th day after AMI is an
important time-point for the transformation from a pro-
inflammatory phenotype to an anti-inflammatory pheno-
type.[15]

Many studies have confirmed that ASX has a strong organ-
protective effect.[16,17] In respective review articles, Fassett
and Coombes asserted that ASX has a strong protective
effect in mouse, rat, and rabbit myocardial ischemia-
reperfusion models and that it significantly reduces MIS by
reducing inflammation.[18] Xue et al[19] demonstrated that
ASX suppresses oxidative stress by activating the Nrf2/
HO-1 pathway, thus preventing coronary microemboliza-
tion-induced cardiomyocyte apoptosis and ameliorating
cardiac dysfunction in rats. Garrett et al[20] pretreated
Sprague-Dawley rats with different doses of ASX (25, 50,
and 75 mg·kg�1·day�1 for 4 consecutive days) and sub-
sequently developed a myocardial ischemia-reperfusion
model. Both hemodynamic changes and infarction areas
were significantly smaller after myocardial ischemia in the

1

developed a dog model of myocardial ischemia-
reperfusion model and found similar results.[21] Lauver
et al[22] pretreated rabbits intravenously using disodium
disuccinate ASX for 4 consecutive days at a dose of
50 mg·kg�1·day�1. On the 5th day, the rabbits underwent
30min of coronary artery occlusion, followed by a 3 h
reperfusion period, leading to significantly lower comple-
ment activation and myocardial infarct size.

We permanently ligated the rat LAD coronary artery to
develop an AMI model. We identified changes in cardiac
function after AMI using echocardiography and relative
LW ratio. Deterioration of LVIDd, EDV, EF, and %FS, as
well as increased relative LW ratio, are typical manifes-
tations of cardiac insufficiency after AMI. Our results
indicated that cardiac function in rats was significantly
worse after AMI and that ASX intervention improved
cardiac function and reduced MIS. These findings were
consistent with the histological changes evaluated using
H&E, Masson trichrome, and TUNEL staining.

In previous studies, researchers have paid more attention
to the protective effect of ASX on myocardial ischemic-
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reperfusion injury; therefore, most former investigations
have pretreated or used short-term high-dose administra-

matory factors, such as TNF-a and IL-1b, are secreted less,
while IL-10, a classic anti-inflammatory factor, is secreted

Figure 4: M2 macrophage count increased in the repair stages, as shown by FC on day 7 after AMI. (A–C) Representative FC results from the Sham, AMI, and ASX groups (n= 4 per group).
The Q2-1 quadrant zone in the chart shows the proportion of M2 macrophages among all cells in the tested sample. (D) Quantitative histogram of the FC data.

∗
P< 0.05 vs. sham; +P< 0.05

vs. the AMI group. AMI: Acute myocardial infarction; ASX: Astaxanthin; FC: Flow cytometry.
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tion. The present study focused on observing myocardial
fibrosis or cardiac remodeling after AMI; therefore, we
used a single small dose and long post-infarct treatment
time. We administered 10 mg/kg ASX to rats daily for 28
days after AMI, and the total amount of the drug was
similar to that used in the above study.

Macrophages are innate immune cells that infiltrate the
infarct zone early after AMI. They are involved in
inflammation and repair. One recent study demonstrated
that heart repair was improved when macrophages were
switched from the classically activated macrophage (M1)
with a pro-inflammatory phenotype into the alternatively
activated macrophage (M2) with an anti-inflammatory
phenotype.[23] In the proliferative stage, more M2 macro-
phages are recruited, while several typically pro-inflam-

1

from the infarct zone to reduce damage and activate tissue
repair. In the present study, we detected macrophages in
the border zone using IF straining and in the PB using FC.
M2 macrophages have many surface markers, such as
CD11b/CD68, F4/80, CD206, induced nitric oxide
synthase, and Arg-1. We detected the classical Arg-1
using IF staining and CD11b/CD68/Arg-1 using FC to
analyze the cell surface. The main type of infiltrating
macrophage in the border zone was the M2 on the 7th day
after infarction. The number of M2 type macrophages in
the ASX group was significantly higher than that in the
AMI group. Another important result supporting macro-
phage polarization was the expression of inflammatory
factors at different time points. M2 macrophages mainly
secrete anti-inflammatory factors, such as IL-10 and
IL-13.[24,25] We measured TNF-a, IL-1b, and IL-10 in
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the PB on day 7 after AMI using ELISA. The results were
consistent with changes in macrophage polarization. The

collagen expression, which was consistent with the results
of Masson staining. The expression of related proteins

Figure 5: ASX reduced cardiomyocyte apoptosis on day 28 after AMI. (A–C) Representative TUNEL staining sections of the heart in the Sham, AMI, and ASX groups (n= 4 per group)
observed under a fluorescence microscope. The green spot indicated by the white arrow is the apoptotic cardiomyocyte. (D) Quantitative histogram of the AI data on day 28.

∗
P< 0.05 vs.

sham; +P< 0.05 vs. the AMI group. Scale bar= 20 mm. AI: Apoptosis index; AMI: Acute myocardial infarction; ASX: Astaxanthin; TUNEL: Terminal dUTP Nick-end labeling.
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pro-inflammatory factors TNF-a and IL-1b increased
significantly, and ASX treatment reversed this change.
Conversely, the IL-10 concentration was higher in the ASX
group than in the AMI group. The results show that ASX
alleviated inflammation after AMI and promoted damage
repair and that the mechanism of this protective effect may
be related to ASX-induced macrophage polarization.[26,27]

Peng et al[28] transplanted human umbilical cord blood
mesenchymal stem cells (hUCB-MSCs) via the tail vein into
a mouse model of AMI. The results demonstrated that
intravenous transplantation of hUCB-MSCs could reduce
the inflammatory response by stimulating the conversion
of intracardiac and extracardiac macrophage subtype from
M1 to M2. Besides, they could improve cardiac function
and protect infarcted myocardium. Heinen et al[29]

demonstrated that treatment using insulin-like growth
factor 1 (IGF1) for 3 days after AMI improved cardiac
function after 1 and 4 weeks. IGF1 induced an M2-like
anti-inflammatory phenotype in bone marrow-derived
macrophages and enhanced the number of anti-inflamma-
tory macrophages in heart tissue on day 3 after AMI
in vivo.

Myocardial fibrosis after AMI is a feature of adverse left
ventricle remodeling. Using Western blotting, we detected
type I and III collagen fibers, MMP9, TGF-b1, and caspase
3 in the border zone of rats on day 28 after AMI. The
results showed that ASX treatment reduced type I/III

1

MMP9 and TGF-b1 were lower than that in the AMI
group. The expression of the apoptosis-related protein
caspase 3 was also inhibited in the ASX group.

To summarize, we preliminarily demonstrated that ASX
has a protective effect on myocardial fibrosis after AMI.
This effect may be related to macrophage polarization, but
more research is needed to explore the signaling pathway
and to provide a new target for clinical treatment of
myocardial remodeling after AMI.

There were some limitations in the present study. Firstly,
we observed the protective effect of ASX on myocardial
fibrosis, but further study is needed to elucidate the
signaling pathway. Moreover, we did not use M2
macrophage inhibition to fully verify the correlation
between ASX intervention and M2 quantity change, so
the evidence that ASX promotes M2 polarization is weak.

In conclusion, ASX treatment after AMI induced by ligating
the LAD artery in rats can attenuate cardiac fibrosis and
promotes M2 macrophages polarization. More studies are
required to determine the exact mechanism.
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