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ABSTRACT
Acute kidney injury (AKI) is a common complication 
after myocardial infarction (MI) and associated with 
significant morbidity and mortality. AKI after MI 
occurs more frequently in patients with diabetes, 
however, the underlying mechanisms are poorly 
understood, and specific treatments are lacking. 
Using the murine MI model, we show that diabetic 
mice had higher expression of the kidney injury 
marker, neutrophil gelatinase-associated lipocalin 
(NGAL), 3 days after MI compared with control mice. 
This higher expression of NGAL was still significant 
after controlling for differences in myocardial infarct 
size between diabetic and control mice. Prior data 
demonstrate increased cell-free hemoglobin after 
MI in diabetic mice. Therefore, we investigated heme 
clearance components, including heme oxygenase 
1 (HO-1) and CD163, in the kidneys and found 
that both HO-1 and CD163 were dysregulated in 
diabetic mice pre-MI and post-MI. Significantly 
higher levels of urine iron were also observed in 
diabetic mice compared with control mice after 
MI. Next, the renal protective effect of interleukin 
10 (IL-10) after MI was tested in diabetic MI. IL-
10 treatment demonstrated multiple protective 
effects after diabetic MI including reduction in acute 
renal inflammation, upregulation of renal heme 
clearance pathways, attenuation of chronic renal 
fibrosis, and reduction in albuminuria after diabetic 
MI. In vitro, IL-10 potentiated hemoglobin-induced 
HO-1 expression in mouse bone marrow-derived 
macrophages and renal proximal tubule (HK-2) cells. 
Furthermore, IL-10 reduced hemoglobin-induced 
reactive oxygen species in HK-2 cells and collagen 
synthesis in mouse embryonic fibroblast cells. 
We conclude that impaired renal heme clearance 
pathways in diabetes contribute to AKI after MI, and 
IL-10 attenuates renal injury after diabetic MI.

INTRODUCTION
Acute kidney injury (AKI) is a common compli-
cation of acute myocardial infarction (MI). 
Approximately 10%–20% of patients with MI 
develop AKI during their MI hospitalization and 
AKI is associated with increased mortality after 
MI. In fact, AKI is a major adverse prognostic 
factor after MI and is associated with impaired 
in-hospital and long-term outcomes.1–3

Diabetes mellitus (DM) is an important risk 
factor for MI and AKI after MI. Although 

previous studies have shown that the inci-
dence of AKI after MI is significantly higher 
in patients with DM than those without DM,4 
the mechanisms underlying this observation 
are not well understood and therefore specific 
therapeutic strategies have not been elucidated. 
Furthermore, although iodinated contrast 
media have been typically implicated in AKI 
following MI, this association has recently been 
challenged and other mechanisms may underlie 
AKI following MI.1 5

In our previous study, we observed that 
cell-free hemoglobin (Hb) is increased in the 
mouse circulation after MI and increased to a 
greater degree in diabetic mice compared with 

Significance of this study

What is already known about this subject?
	► Diabetes mellitus is an important risk 
factor for acute kidney injury (AKI) after 
myocardial infarction (MI).

	► Higher levels of circulating cell-free 
hemoglobin were observed in diabetic mice 
compared with non-diabetic control mice 
after MI.

What are the new findings?
	► Diabetic mice had higher expression of 
renal neutrophil gelatinase-associated 
lipocalin after MI.

	► Dysregulated renal heme protein clearance 
is observed in diabetic mice pre-MI and 
post-MI.

	► Interleukin 10 (IL-10) potentiates heme 
protein clearance pathways and protects 
against renal fibrosis and albuminuria after 
diabetic MI.

	► IL-10 reduces hemoglobin-induced reactive 
oxygen species in renal proximal tubular 
cells and collagen deposition in fibroblasts.

How might these results change the focus 
of research or clinical practice?

	► These results focus attention on heme 
protein clearance in the pathogenesis of 
AKI after diabetic MI.

	► IL-10 should be investigated as a 
therapeutic agent to prevent AKI after 
diabetic MI.
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non-diabetic control mice.6 Heme proteins are essential 
molecular regulators of oxygen transport and normally 
reside inside cells. After MI these heme proteins are released 
from dead erythrocytes and cardiomyocytes, mainly in 
the form of Hb and myoglobin7 as well as other heme 
proteins such as cytochrome proteins, and these proteins 
enter into the systemic circulation.6 Circulating cell-free 
heme proteins are filtered by kidney glomeruli and depos-
ited in the proximal tubules. This exposes the kidneys to 
heme protein-induced injuries.8 9 Cell-free heme proteins 
directly cause cell death through activation of oxidative 
stress and unfolded protein response in the renal cortex.9 
In addition, cell-free heme proteins function as damage-
associated molecular patterns and activate renal inflamma-
tory response and result in renal fibrosis.10 11

Heme proteins are scavenged in the circulation and 
then cleared in the form of haptoglobin–Hb complexes 
via the CD163 receptor in the reticuloendothelial system 
or heme–hemopexin complexes via the CD91 receptor on 
hepatocytes. Prior studies have demonstrated that diabetes 
impairs heme clearance mechanisms through downreg-
ulating CD163 in monocytes12 13 and in atherosclerotic 
plaques.14 However, the role of CD163 + macrophages in 
diabetic kidney disease and AKI is controversial.15 16

Interleukin 10 (IL-10) is a potent anti-inflammatory cyto-
kine and suppresses various proinflammatory mediators.17 
Reduced circulating IL-10 levels were found in patients with 
type 1 and type 2 diabetes.18 19 Recent studies have demon-
strated the protective role of IL-10 in cardiac dysfunction 
and remodeling following acute MI through inhibition of 
fibrosis and enhancement of capillary density.20 21 Our prior 
work demonstrated a protective effect of IL-10 in diabetic 
MI through upregulation of heme clearance pathways.6 
However, it remains unclear whether systemic IL-10 treat-
ment would provide protection against kidney injury after 
diabetic MI.15 16 This study was undertaken to investigate 
the pathogenesis of AKI after MI and to determine the ther-
apeutic efficacy of IL-10 for renal protection after diabetic 
MI.

MATERIALS AND METHODS
Mice
Mice were obtained from The Jackson Laboratory (Bar 
Harbor, Maine, USA) and handled in accordance with the 
NIH Guide for the care and Use of Laboratory Animals 
and the ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) guidelines.

Induction of type 1 diabetes
Adult male C57/B6 mice at the age of 8 weeks were given 
daily intraperitoneal injections of streptozotocin (STZ; 
Sigma-Aldrich, St Louis, Missouri, USA) at a dose of 50 mg/
kg body weight for 5 consecutive days. STZ was dissolved 
in sterile citrate buffer (50 mmol/L sodium citrate, pH 4.5). 
Control mice were injected with pure citrate buffer for the 
same period. Fasting glucose levels were determined at 
baseline and 2 weeks after the last injection of STZ using 
a glucose analyzer (CareTouch Blood Glucose Monitoring 
System, Future Diagnostics LLC). Mice with fasting glucose 
level  >300 mg/dL were considered diabetic and used for 
subsequent experiment.

Study design
There were two experimental protocols. The first protocol 
compared kidney injury between diabetic and control mice 
after MI (figure  1A protocol schematic). Diabetic mice and 
control mice were randomly assigned to sham surgery or MI 
surgery. Mice were sacrificed 3 days after the surgery. The 
second protocol studied the treatment effect of IL-10 on kidney 
injury after MI in diabetes (figure 2A schematic). Immediately 
after MI, diabetic mice were randomized to one of three treat-
ment conditions: vehicle (0.1% bovine serum albumin (BSA) 
in phosphage buffered saline (PBS)), IL-10 (R&D Systems, 
Minneapolis, Minnesota, USA), or IL-10 plus Tin Protopor-
phyrin (SnPP, Frontier Scientific, Logan, Utah, USA). Sham 
controls were also conducted. Surgeons were blinded to treat-
ment assignment and treatment assignment was randomized. 
IL-10 was subcutaneously injected at a dose of 50 µg/kg on days 
0, 1, 3, 5, and 7 post-MI. SnPP was intraperitoneally injected at 
a dose of 25 mg/kg at the same time with IL-10 in mice assigned 
to this group.6

MI model
Mice were subjected to MI by ligation of left anterior 
descending coronary artery (LAD) as described previously.6 
Briefly, mice were anesthetized with 2%–3% isoflurane, 
orally intubated with a 22G IV catheter, and ventilated 
with a respirator (Harvard Apparatus, Cambridge, Massa-
chusetts, USA). Buprenorphine SR (0.5 mg/kg) was injected 
subcutaneously before the operation to provide analgesia. A 
left intercostal thoracotomy was performed, and the peri-
cardium was opened. Then, the LAD was located and ligated 
distal to the bifurcation between LAD and diagonal branch 
under a dissecting microscope. The lung was inflated before 
the chest was closed. The mice in sham group underwent 
the same operation except for the LAD ligation.

Urine iron measurement
Urine samples from mice 3 days after MI were used to 
determine urine iron after MI. Urine iron was measured 
using QuantiChrom Iron Assay Kit (DIFE-250, BioAssay 
Systems, Hayward, California, USA) following manufac-
turer’s protocol. Urine iron level was normalized to urine 
creatinine level which was measured using QuantiChrom 
Creatinine Assay Kit (DICT-500, BioAssay Systems).

Kidney injury quantification and qualification
NGAL staining was used to assess AKI 3 days post-MI 
surgery. Integrated optical density values of NGAL-positive 
staining were quantified using ImageJ software (National 
Institutes of Health (NIH), Bethesda, Maryland, USA). 
Those slides were also assessed by a pathologist who was 
blinded to the group information using the following qual-
itative scoring system22 23: 0=no staining, 1=<25% area 
with positive staining, 2=25%–49% area with positive 
staining, 3=50%–74% area with positive staining, 4=75%–
100% area with positive staining.

Infarct size calculation
Masson’s trichrome stained heart sections at 3 days after MI 
were used to calculate infarct size. We used the circumference 
method as described previously.24 Briefly, the left ventricle 
myocardial midline circumference was measured at the center 
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between the epicardial and endocardial surfaces. Infarct length 
was measured at the midline of infarct area. Infarct size was 
calculated by dividing the midline infarct length by the midline 
circumference and multiplying by 100. The measurements 
were performed with ImageJ (NIH).

Measurement of renal fibrosis
Masson’s trichrome stained kidney sections at 28 days after MI 
were used to estimate the severity of kidney fibrosis. ImagePro 
Plus V.6.3 software (Media Cybernetics, Bethesda, Maryland, 
USA) was used for quantitative morphometric analysis of 

kidney fibrosis in stained sections. The average fibrosis area 
from five randomly selected fields per kidney was used for 
statistical analysis to determine significant differences.

Immunofluorescence staining and immunohistochemistry 
analysis
For immunofluorescence staining, trilogy solution (920P-
09, Cell Marque, Rocklin, California, USA) was used on 
formalin-fixed paraffin-embedded kidney sections for 
deparaffinization, rehydration, and unblinding following 

Figure 1  Diabetes is associated with worse kidney injury after acute MI. (A) Study protocol schematic. Streptozotocin (STZ) was 
administered via intraperitoneal (IP) injection for 5 consecutive days to induce diabetes mellitus (DM). Two weeks after the last dose of STZ 
or control buffer, blood glucose testing (BGT) was performed to confirm diabetes. Next, DM and control (Con) mice underwent myocardial 
infarction (MI) surgery or sham surgery, and organs were collected 3 days after the surgery. (B) Renal histopathology (hematoxylin and 
eosin staining) demonstrates vacuolization (→) in the renal cortex on day 3 post-MI. Scale bar=20 µm. (C) Immunofluorescent images of 
neutrophil gelatinase-associated lipocalin (NGAL, red) and 4, 6-diamidino-2-phenylindole (DAPI, blue) on day 3 post-MI. Scale bar=50 µm. 
(D) Quantification of NGAL-positive staining area in the renal cortex per 20× field on day 3 post-MI using image optical density (IOD). (E) 
Qualitative scores of NGAL expression in per 20× field on day 3 post-MI. n=6 per group. (F) mRNA expression of NGAL in kidney tissue on 
day 3 post-MI. (G) Infarct size calculated from heart Masson’s Trichrome staining on day 3 post-MI. n=4 per group. (H) mRNA expression 
of NGAL in kidney tissue normalized to the myocardial infarct size for each mouse. n=4 per group. Data presented as mean±SEM and were 
compared by one-way analysis of variance followed by Tukey’s test (D, F), the Kruskal-Wallis test followed by Dunn’s post hoc test (E), 
and unpaired t-test (G, H). *p<0.05 vs Con sham; #p<0.05 vs DM sham; ˆp<0.05 vs Con MI. BGT, blood glucose testing; Con, non-diabetic 
control; DM, diabetes mellitus; NGAL, neutrophil gelatinase-associated lipocalin; STZ, streptozotocin.
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manufacturer’s instruction. The sections were then incu-
bated overnight at 4°C with primary antibody against 
lipocalin-2/NGAL (ab63929, Abcam, Cambridge, UK) and 
Alxa543-conjugated secondary antibodies. Sections were 
counterstained with 4, 6-diamidino-2-phenylindole and 
visualized using a fluorescence microscope.

For immunohistochemistry staining, the sections were 
deparaffinized in xylene and rehydrated. Antigen retrieval 
was processed in citrate unblinding solution (14 746P, 
Cell Signaling Technology, Danvers, Massachusetts, USA) 
following manufacturer’s instruction. Immunohistochem-
ical staining was performed using primary antibodies 
against CD163 (ab182422, Abcam) and lipocalin-2/NGAL 
(ab63929, Abcam), followed by incubation with respective 
secondary antibody and sections were examined under 
microscope.

Western immunoblot analysis
The kidney tissues were homogenized in Radioimmunopre-
cipitation Assay Lysis Buffer System (sc-24948, Santa Cruz, 
Dallas, Texas, USA) following manufacturer’s instruction. 
Protein samples were processed as previously described.6 
The antibodies against CD163 (ab182422, Abcam), lipo-
calin-2/NGAL (ab63929, Abcam), and heme oxygenase 1 
(HO-1; ADI-OSA-110-D, Enzo) were used as primary anti-
bodies. The corresponding GAPDH (14C10, Cell Signaling 

Technology) or β-tubulin (ab6046, Abcam) of each sample 
was used as the loading control.

Quantitative RT-PCR
For gene expression level of CD163, mRNA was extracted 
from kidneys with RNA-STAT60 (Tel-Test, Friendswood, 
Texas, USA) and reverse transcribed with iScript cDNA 
Synthesis Kit (Bio-Rad Laboratories, Hercules, California, 
USA). The amplification was performed using TaqMan Gene 
Expression Assay (Mm00474091_m1, Applied Biosystems, 
Foster City, California, USA) on a TaqMan 7300 PCR 
machine (Applied Biosystems). For gene expression level of 
NGAL, mRNA was extracted from kidneys with RNeasy 
Mini Kit (74104, Qiagen, Hilden, Germany), reverse 
transcribed with RT 2 First Strand Kit (330401, Qiagen), 
and quantified using TaqMan Gene Expression Assay 
(Mm01324470_m1, Applied Biosystems) on Rotor-Gene 
Q 2plex Platform (Qiagen). Comparative cycle threshold 
method was used to calculate the relative mRNA expres-
sion of target genes. Endogenous18S rRNA (4 319 413E, 
Applied Biosystems) was used as control gene to normalize 
the mRNA expression of target genes.

Cell culture
Murine bone marrow cells were isolated from 8-week-old 
to 12-week-old C57BL/6J mice using standard 

Figure 2  Inadequate renal heme clearance system after diabetic myocardial infarction (MI). Animals were treated as elaborated in 
figure 1. (A) Representative immunoblots of heme oxygenase 1 (HO-1) in kidney on day 3 post-MI. (B) Relative abundance of HO-1 in 
immunoblots expressed as fold change of densitometric ratios of HO-1/β-tubulin compared with sham-operated control mouse. (C) 
Immunohistochemistry image of CD163 on day 3 post-MI. Scale bar=50 µm. (D) Per cent of CD163-positive staining area per 20× field 
on day 3 post-MI. (E) Increased urine total iron/creatinine ratio on day 3 after MI. Data (n=6) represent mean±SEM and were compared 
by one-way analysis of variance followed by Tukey’s test. *p<0.05 vs Con sham; #p<0.05 vs DM sham; ˆp<0.05 vs Con MI. DM, diabetes 
mellitus.
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protocols.25 Briefly, femurs and tibias were aseptically 
harvested from the hind limbs and bone marrow cells 
were flushed from each bone with DMEM containing 
15% fetal bovine serum. Isolated bone marrow was 
gently homogenized by passing the solution through 
a 30 mL syringe with 18-gauge needle, and cells were 
cultured in DMEM containing 15% fetal bovine serum, 
1% penicillin–streptomycin, and 30% L929 supernatants 
at 37℃ with 5% CO2. Cells were differentiated to macro-
phages, as previously described.25 Bone marrow-derived 
macrophages (BMDM) were cultured in hyperglycemic 
(25 mM) DMEM with 10% fetal bovine serum and 1% 
penicillin–streptomycin during the treatment.

HK-2 human renal proximal tubular cells and mouse 
embryonic fibroblasts (MEF) were courtesy from Dr Jiang 
Tian (University of Toledo, Toledo, Ohio, USA). Cells were 
cultured in DMEM supplemented with 10% fetal bovine 
serum and 100 U/mL penicillin–streptomycin as complete 
growth media. The treatment groups for both cell culture 
experiments include control, 10 µM of Hb, 10 ng/mL of 
IL-10 (217-IL-025, R&D System), and combination of 
IL-10 with Hb.

Reactive oxygen species detection
HK-2 cells were cultured in a 96-well plate for 24 hours 
and then treated with 10 µM of Hb and/or 10 ng/mL of 
IL-10 for another 24 hours. The reactive oxygen species 
(ROS) was then measured using an ROS Detection Assay 
Kit (K936, BioVision, Milpitas, California) following the 
manufacturer’s protocol.

Statistical analysis
All values are expressed as mean±SEM, and a p value 
<0.05 was considered statistically significant. Statis-
tical analysis was conducted by GraphPad Prism V.8. For 
comparisons between two groups, an independent t-test 
was conducted. For comparisons among three or four 
groups, one-factor analysis of variance (ANOVA) was 
used and followed by the post hoc analysis when ANOVA 
overall p<0.05.

RESULTS
Diabetes is associated with worse renal injury after MI
To investigate renal injury after MI in diabetes, MI or sham 
surgery was performed in STZ-induced diabetic or control 
mice following the experimental protocol (figure  1A 
protocol schematic). We first assessed renal injury 3 days 
after MI on hematoxylin and eosin staining of the kidney 
section. Since renal injury after MI is an indirect injury, we 
did not detect severe renal tubular injury pathology findings 
such as tubular dilation or sloughing, but we observed cell 
vacuolization in the renal cortex, which is an early marker 
of AKI,26 after MI, especially in diabetic mice (figure 1B). 
Consistent with the indirect injury, cystatin C was not 
significantly different between diabetic and control mice 
on day 1 or day 3 after MI (data not shown). In contrast, 
measurement of NGAL immunofluorescence and quanti-
tative PCR showed significant higher NGAL expression in 
the kidney after MI in diabetic mice than in control mice 
(figure 1C–F). Specifically, the renal NGAL mRNA expres-
sion in diabetic mice increased 3.3-fold after MI surgery 

compared with diabetic sham control (p<0.05) (figure 1F). 
Furthermore, renal NGAL expression was 2.8-fold higher in 
diabetic MI compared with control MI (p<0.05). Diabetes 
may affect myocardial infarct size and subsequently affect 
kidney injury. Therefore, we assessed myocardial infarct size 
at 3 days after MI and found an increased myocardial infarct 
size in diabetic MI compared with control MI (figure 1G), 
which is in agreement with prior findings.27 28 Next, we 
adjusted for the potential confounding effect of myocardial 
infarct size on kidney injury by normalizing NGAL expres-
sion to infarct size. Diabetic MI still had significantly higher 
renal NGAL expression compared with control MI, even 
after normalization to infarct size (figure  1H). Overall, 
these findings demonstrate worse renal injury in diabetic 
MI compared with control MI.

Impaired heme protein scavenging system in diabetic 
mice after MI
Given prior evidence of increased circulating cell-free 
Hb after MI in diabetic mice,6 we examined the heme 
protein scavenging system in the kidneys of diabetic 
and control mice at baseline and after MI. We measured 
scavenger receptor CD163 and HO-1 expression, the 
rate-limiting enzyme in heme scavenging and degrada-
tion pathway. Baseline renal HO-1 and CD163 expres-
sion are higher in diabetic mouse than in control mouse 
(figure  2A–D). MI significantly increased renal HO-1 
expression in control mice. However, in diabetic MI, 
HO-1 was not significantly upregulated (figure  2A,B). 
Interestingly, renal CD163 was upregulated in diabetic 
sham, but significantly decreased after diabetic MI 
(figure  2C,D). These results demonstrate that diabetes 
affects renal heme clearance at baseline and after diabetic 
MI. Importantly, the critical components of the renal 
heme processing system, namely HO-1 and CD163, 
were impaired after diabetic MI. We further measured 
the urine iron level to determine renal iron burden after 
MI in control and diabetic mice. We found that the urine 
iron level was significantly higher in diabetic MI than in 
control MI (figure 2E), indicating a higher load of iron 
stress after diabetic MI and inadequate heme clearance 
in diabetic MI.

IL-10 attenuates renal inflammation and improves renal 
heme scavenging after diabetic MI
To test the treatment effect of IL-10 on kidney injury after 
diabetic MI, diabetic mice underwent MI surgery and were 
treated with vehicle, IL-10, or combination of IL-10 and 
tin protoporphyrin (SnPP), an HO-1 activity inhibitor 
following the protocol described in figure 3A.

IL-10 significantly improved heart function 28 days 
after treatment but had limited effect on ejection fraction 
7 days after treatment (figure 3B). In contrast, MI dramat-
ically induced early renal expression of proinflammatory 
cytokines and chemokines, including interleukin-1 beta 
(IL-1B) and monocyte chemoattractant protein-1 (MCP-1) 
(p<0.05) in diabetic mice on day 3 after MI (figure 3C,D). 
IL-10 significantly reduced MCP-1 expression, and this 
effect was partially blocked by SnPP. Therefore, the early 
reductions in renal inflammatory and chemokine response 
to MI noted with IL-10 treatment are independent of IL-10 
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effects on cardiac function, which were observed at the 
later 28-day timepoint. We can conclude that IL-10 has a 
direct effect on early post-MI renal inflammatory signaling 
independent of its effect on cardiac function. We further 
measured the expression of renal CD163 in diabetic MI. 
IL-10 treatment showed a trend to increased CD163 mRNA 
expression in diabetic kidneys on day 3 post-MI (figure 3E), 

and this effect was statistically significant on day 28 post-MI 
(p<0.05 vs sham, figure 3F).

IL-10 reduces renal fibrosis and albuminuria after 
diabetic MI
Renal fibrosis were quantified using Masson’s Trichrome 
staining 28 days after MI in IL-10-treated diabetic mice 
to assess the long-term effect of IL-10. As depicted in 
figure  4A–C, IL-10 significantly reduced renal fibrosis 
(p<0.05, vs vehicle) in diabetic mice at day 28 post-MI, and 
this protective effect of IL-10 was partially blocked by SnPP.

The urine albumin to creatinine (UAC) ratio was used to 
further assess chronic renal injury. As shown in figure 4D, 
UAC ratio was significantly increased post-MI (vehicle 
vs sham, p<0.05), and the UAC ratio in IL-10 treatment 
group was dramatically reduced compared with vehicle 
group (p<0.05). This protective effect of IL-10 was blocked 
by SnPP (p<0.05 vs vehicle). In summary, IL-10 provides 
robust protection against MI-related renal fibrosis and albu-
minuria in diabetic mice.

IL-10 reduces Hb-induced ROS and upregulates Hb-
induced HO-1
To study the mechanism of the protective effect of IL-10 
against renal injury after diabetic MI, we investigated the 
effect of IL-10 on cell-free Hb-induced cellular injury and 
heme clearance pathways using in vitro models. First, ROS 
was measured in renal proximal tubular cells (HK-2 cells) 
treated with Hb and IL-10. Hb significantly induced ROS in 
HK-2 cells. Furthermore, IL-10 treatment partially reversed 
the ROS induced by Hb (figure  5A). HO-1 was also 
measured to study the heme clearance pathways in HK-2 
cells. As shown in figure  5B,C, HO-1 was significantly 
induced by Hb, and this effect was potentiated by IL-10 
treatment, indicating that IL-10 improves heme clearance 
in proximal tubular cells.

The effect of IL-10 on heme clearance pathways was 
further investigated in BMDM. Cultured BMDM were 
treated with Hb and IL-10 under high glucose condition. As 
depicted in figure 5D,E, Hb significantly increased HO-1 
protein expression in BMDM under high glucose condition 
(25 mM). Moreover, induction of HO-1 was potentiated 
when BMDM were co-treated with IL-10 and Hb under 
high glucose condition. This finding was further validated 
by quantitative PCR analysis of HO-1 mRNA expression in 
BMDM (figure 5F). These data demonstrate induction of 
HO-1 expression under diabetic conditions after treatment 
with IL-10 and potentiation of the Hb-induced expression 
of HO-1 by IL-10.

IL-10 inhibits Hb-induced collagen synthesis
Reactive iron has been reported to induce collagen synthesis 
in hepatic fibroblasts.29 Therefore, we investigated the role 
of Hb and IL-10 in fibrogenesis in vitro. We assessed the 
effect of Hb on collagen synthesis in a mouse fibroblast 
cell line, MEF. As shown in figure 6A,B, Hb significantly 
induced collagen synthesis, and such collagen production 
was blocked by co-treatment of Hb and IL-10. Therefore, 
IL-10 provides protection against heme-induced fibrosis.

DISCUSSION
In this study, we demonstrated greater renal injury after 
MI in diabetic mice compared with control mice after MI. 

Figure 3  IL-10 inhibits renal inflammatory gene expression 
and promotes renal CD163 expression after diabetic myocardial 
infarction (MI). (A) Study protocol schematic. STZ-induced diabetic 
mice underwent MI surgery and were randomly assigned to one of 
three MI treatment groups: vehicle control, IL-10, or combination 
of IL-10 and SnPP. Each treatment was administered at days 0, 1, 
3, 5, and 7 after MI. Mice were sacrificed 3 days after MI for short-
term assessments or on day 28 after MI for long-term assessments. 
Heart function was assessed on days 0, 7, and 28 days after MI 
with echocardiography. (B) IL-10 treatment had no significant 
effect on heart ejection fraction (EF) at the early time point (day 
7) after MI, but significantly improved EF at the late timepoint 
(day 28) after MI. (C–E) Gene expression of IL-1B, MCP-1, and 
CD163 in kidney on day 3 after diabetic MI. (F) Gene expression of 
CD163 in kidney on day 28 after diabetic MI. Data (n=6 per group) 
represent mean±SEM and were compared by one-way analysis of 
variance followed by Tukey’s test. *p<0.05 vs sham, #p<0.05 vs 
MI+vehicle. BGT, blood glucose testing; DM, diabetes mellitus; 
IL-10, interleukin 10; MCP-1, monocyte chemoattractant protein-1; 
STZ, streptozotocin.
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Furthermore, we found impaired renal heme clearance 
pathways after diabetic MI. These findings demonstrate 
that diabetes is a vulnerable condition for AKI after MI, and 
this observation may be mediated by increased circulating 
cell-free Hb and inadequate renal heme clearance pathways. 
In addition, we demonstrated that systemic IL-10 treatment 
can reduce acute kidney inflammation and chronic renal 
fibrosis and albuminuria after diabetic MI. IL-10 also upreg-
ulates HO-1 expression in macrophages and renal proximal 
tubular cells in the presence of Hb. Notably, we reported 
that Hb, which is known to increase in the circulation after 
MI,6 can directly induce collagen deposition in mouse fibro-
blasts and IL-10 inhibits this collagen production.

AKI is a common complication after MI, with a prev-
alence of 10%–20%,30–33 and is strongly associated with 
morbidity and mortality.2 34 35 However, the mechanisms 
causing AKI after MI are multifactorial in nature and have 
not been fully understood. Clinical studies have indicated 
that renal hypoperfusion, usage of nephrotoxic agents such 
as iodinated contrast, hypertension, DM, infection, and 
the performance of coronary artery bypass graft surgery 
are important risk factors for AKI after MI.36 37 Although 
iodinated contrast has typically been implicated in AKI after 
MI treated with percutaneous coronary intervention, recent 
studies have questioned this association and other factors 

may be responsible for AKI after MI.1 5 Our findings impli-
cate inadequate heme protein clearance as a novel patho-
genic mechanism for AKI after diabetic MI.

Clinical studies utilizing cardiac MRI have demon-
strated significant myocardial hemorrhage after MI, a 
previously underappreciated phenomenon.38–41 Intramyo-
cardial hemorrhage was associated with larger infarct size, 
worse left ventricular systolic function, and higher rates of 
death.42 Furthermore, heme proteins also enter the circula-
tion after MI, as demonstrated in our prior work.6 Circu-
lating heme proteins are extensively and rapidly filtered 
and deposited in kidneys and result in acute and chronic 
kidney injury.43–45 Circulating heme proteins are toxic and 
are mainly sequestered and degraded to metabolites by the 
heme protein scavenger system.46 The scavenger system is 
a multiple component pathway made up of several soluble 
plasma proteins (eg, haptoglobin, hemopexin, α1-micro-
globulin, and albumin),47 cell-based receptors (eg, CD163 
and CD91), the monocyte/macrophage cell system,48 49 50 
and intracellular heme oxygenases (eg, HO-1 and HO-2).

In patients with diabetes, CD163 expression in monocytes 
is significantly lower than in patients without diabetes.12 13 
However, such impairment of heme scavenger system in 
kidney disease is controversial.15 16 In the current study, we 
found that renal CD163 and HO-1 expression were higher 

Figure 4  IL-10 reduces renal fibrosis and urine albumin after diabetic myocardial infarction (MI). Animals were treated as described 
in figure 3. (A) Representative Masson’s Trichrome staining images in renal cortex on day 28 post-MI. Scale bar=50 µm. (B) Larger 
magnification (40×) of representative images. Scale bar=50 µm. (C) Quantification of renal fibrosis area in Masson’s Trichrome staining 
images per 20× field on day 28 post diabetic MI. (D) Urine albumin/creatinine ratio on day 28 after diabetic MI. Data (n=6 per group) 
represent mean±SEM and were compared by one-way analysis of variance followed by Tukey’s test. *p<0.05 vs sham; #p<0.05 vs 
MI+vehicle. IL-10, interleukin 10.
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in diabetic mice than in control mice at baseline (figure 2). 
However, after MI, there was almost complete absence of 
CD163 staining in diabetic kidneys. Similarly, MI signifi-
cantly induced renal HO-1 expression in control mice, 
but not in diabetic mice. These novel results suggest that 
diabetes may create a unique susceptibility to AKI due to 
vulnerability to heme toxicity. In support of the critical role 
of heme protein processing, Abo et al51 observed protection 
against diabetic renal disease via induction of renal HO-1 
expression. HO-1 is the final step in the scavenging and 
clearance of toxic-free heme proteins and its cardiorenal 
protective effects have been documented in prior studies.51 52 
Overall, our findings implicate inadequate heme clearance 
pathways in the pathogenesis of MI-induced AKI, a novel 
explanation for this common and significant disease state.

IL-10 has significant effects on two key steps in the 
heme processing system. First, it upregulates CD163 on 
macrophages and facilitates absorption of heme proteins 

by macrophages.53 54 Second, it also upregulates HO-1 
expression, the main intracellular enzyme responsible for 
degradation of heme proteins.55 In the current study, we 
demonstrated that IL-10 can upregulate the expression of 
HO-1 and CD163 expression both in vitro and in vivo. 
In addition, IL-10 treatment showed the ability to poten-
tiate the renal heme scavenging system, decrease acute 
renal inflammation, and prevent chronic renal fibrosis and 
proteinuria after diabetic MI. Importantly, MI induced 
significant albuminuria in diabetic mice, however IL-10 was 
able to almost fully prevent this effect (figure 4D).

Renal fibrosis is the common final pathway of nearly all 
chronic and progressive nephropathies and the best histo-
logic predictor of renal functional decline in chronic kidney 
disease.56 Inflammation is a critical trigger for renal fibrosis.56 
In this study, we demonstrated a strong antifibrotic effect of 
IL-10 treatment in diabetic MI (figure 4A–C). Furthermore, 
we also reported that Hb can induce collagen production in 

Figure 5  IL-10 reduces ROS and upregulates HO-1 after hemoglobin (Hb) treatment. Renal proximal tubular cells (HK-2) were treated 
with Hb (10 µM), IL-10 (10 ng/mL), or combination of Hb and IL-10. (A) Cellular ROS were measured at 24 hours after treatment. (B) Cell 
homogenates were processed for immunoblot analysis for the expression of HO-1 expression in HK-2 cells 24 hours after treatment. (C) 
Relative abundance of HO-1 in immunoblots expressed as fold change of densitometric ratios of HO-1/β-tubulin compared with control 
cells. (D) Mouse bone marrow-derived macrophages (BMDM) were treated with Hb (10 µM), IL-10 (10 ng/mL), or combination of Hb and IL-
10 for 24 hours. Representative immunoblots of HO-1 protein expression in BMDM after treatment were shown. (E) Relative abundance of 
HO-1 in immunoblots expressed as fold change of densitometric ratios of HO-1/β-tubulin compared with control cells. (F) mRNA expression 
of HO-1 in BMDM after treatment. Data (n=5 per group) represent mean±SEM and were compared by one-way analysis of variance 
followed by Tukey’s test. *p<0.05 vs control, #p<0.05 vs Hb, ˆp<0.05 vs IL-10. HO-1, heme oxygenase 1; IL-10, interleukin 10; ROS, reactive 
oxygen species.
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mouse fibroblast cells, and such collagen production can be 
inhibited by IL-10. In a study conducted by Mehta et al,29 
iron treatment significantly increased expression of α-SMA, 
TGF-β, TGF-β receptor II, and phospho-Smad2, resulting 
in collagen deposition in hepatic stellate cells. This fibro-
blast activation and collagen secretion were blocked by iron 
chelation. Those results together with our findings high-
light the direct fibrosis-inducing effects of heme proteins 
and iron.

Although these data provide strong support for short-
term and long-term renal protective effects of IL-10 after 
MI in diabetes, there are some limitations to our study. 
Although the STZ diabetic mouse model is well-established, 
it has been criticized. This model was selected since we 
have established the murine MI model in our laboratory 
and have acceptable perioperative mortality rates with STZ 
diabetic mice in this model. The use of SnPP, a chemical 
HO-1 inhibitor, has well-known limitations and concerns 
about its specificity. MEF cell line is a general, but not a 
renal-specific fibroblast cell line. Overall, despite these 
limitations, our findings support further exploration of 
IL-10 as a treatment during the acute phase of diabetic MI 
and highlight novel mechanisms underlying the pathogen-
esis of renal injury after MI.

Taken together, our findings demonstrate that IL-10 
provides renal protection in diabetic MI largely through 
upregulation of the heme clearance system. These find-
ings underscore the importance of free heme in mediating 

AKI after diabetic MI and the ability of IL-10 to rescue the 
dysfunctional heme processing system in diabetes.
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