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A B S T R A C T

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) are commonly used to control pain, inflammation, and limit
the cardinal signs of injury in humans. However, prolonged use of NSAIDs increases the risk of heart attack
(myocardial infarction; MI) and the subsequent risk of heart and renal failure. The molecular and cellular me-
chanism of action for this adverse effect, particularly along the cardiorenal network, is incomplete. To define the
mechanism, carprofen (CAP), an NSAID was administered at the dose of 5 mg/kg to C57BL/6 male mice for two
weeks. After last dose of CAP treatment mice were subjected to permanent occlusion of coronary artery that
induces irreversible cardiac remodeling while maintaining naive and MI-controls. After MI, cardiac pathology
and dysfunction were confirmed, along with additional measurements of kidney function, histology, and injury
markers, such as plasma creatinine. CAP treatment increased plasma creatinine levels and subsequently, myo-
cardial structural disorganization increased. Kidney neutrophil gelatinase associated lipocalin (NGAL) and
protein expression were increased post-MI. After two weeks CAP treatment, the expression of pyrogenic pro-
inflammatory cytokines TNF-α and IL-1β was increased compared to non-CAP treated mice, indicative of am-
plified inflammatory response. There was also evidence that renal injury of both the post-CAP treatment controls
and post-CAP MI were much greater than the non-CAP treated naïve controls, as serum creatinine and NGAL
levels were elevated along with obvious structural impairment of the glomerulus. Therefore, CAP treatment
tampers with the acute inflammatory response that promotes cardiorenal syndrome and non-resolving in-
flammation post-MI in acute heart failure.

1. Introduction

In response to injury, initiation of leukocytes-directed intense in-
flammation is part of the innate immune response of the body and plays
a vital role in resolution, and tissue repair as the response eliminates
damaged tissue and cell debris [8,17,20]. While leukocyte-directed
acute inflammation is a necessary process, it can lead to undesirable
and collateral damage to healthy tissues if initiation of resolution of
inflammation is delayed, such as in the setting of obesity and aging
[11,14,22]. In the clinical setting of myocardial infarction (MI; heart
attack), an immediate inflammatory response is activated by narrowing
of the coronary artery, leading to the demise of cardiomyocytes, car-
diorenal dysfunction and heart failure [6,11]. Prolonged and un-
controlled inflammation after cardiac injury or ischemia is involved in

the development of chronic heart and renal failure, accompanied by
ventricular remodeling [4,6,8,22].

Often, cardiac injury, such as MI, advances a cardiorenal in-
flammatory response with infiltration of leukocytes; which includes
with the entry of first responder neutrophils and increased expression of
inflammatory cytokines and chemokines. Post-MI, expressions of
pyrogenic pro-inflammatory markers in the kidney, like tumor necrosis
factor-α (TNF-α) and interleukin-6 (IL-6), have been shown to increase
significantly in a rat model [4]. In addition to these increased in-
flammatory markers, there was also evidence of acute kidney injury
(AKI), as the rodents with the MI had significantly increased levels of
neutrophil gelatinase-associated lipocalin (NGAL) in the plasma and
urine [4].

Traditionally, one of the most common ways to control
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inflammation and inflammation-related pain is to use Non-Steroidal
Anti-Inflammatory Drugs (NSAIDs). The primary mechanism of action
of NSAIDs is to limit the biosynthesis of prostaglandins, which are
cardinal signaling molecules that are produced in response to infection
or injury. Biosynthesis of prostaglandins facilitates in the dilation of the
renal arterioles [7]. NSAIDs lead to an increase in plasma leukotriene
levels by shunting arachidonic acid to react with lipoxygenase enzymes
(LOX). Arachidonic acid-derived leukotriene B4 assists the entry of
neutrophils into the tissue by upregulation of integrins on the neu-
trophil surface demonstrating that NSAIDs can initiate neutrophils
entry into tissue before the injury. NSAIDs can also impair the macro-
phage functions, as they induce DNA damage in monocytes [26]. As a
result, presented outcome revealed that the pre-treatment of NSAIDs,
specifically carprofen (CAP), impaired the initiation of an acute re-
sponse that may decrease the ability of immune cells to resolve in-
flammation and impair tissue repair process, specifically macrophages-
neutrophil interaction, to produce pro-resolving mediators.

2. Methods

2.1. Animal compliance

All surgery protocols involving animals were in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (Revised 2015) and were approved by the Animal Care and Use
Committee of the University of Alabama at Birmingham [15].

2.2. Carprofen (CAP) treatment protocol

The mice were randomly divided into four groups: Group 1)
−CAPNo-MI, Group 2) −CAP+MI-d1, Group 3) +CAP-No-MI, Group
4) +CAP+MI-d1. CAP was administered for two weeks at the dose of
5mg/kg, subcutaneously indicating subacute duration of CAP with less
rapid change and then the mice in the +MI groups were subjected to
coronary artery ligation [15].

2.3. Coronary artery surgery to induce MI

This study had a total of 33 C57BL/6 mice weighing between 25 and
35 g. The mice in Groups 3 and 4 were subjected to surgery to induce an
MI. The surgery entailed a ligation of the left anterior descending cor-
onary artery, 1 mm distal to the left atrium. During the surgery, mice
were anesthetized with a 2% isoflurane and oxygen mix as noted pre-
viously [13,15,22,37].

2.4. Transthoracic echocardiography

Echocardiography images of the mice were acquired using
VisualSonics Vevo 3100 and analyzed using Vevo LAB 3.1.0 as pre-
viously described [15].

2.5. Necropsy

All four groups were anesthetized under a 1:1 of 2% isoflurane and
100% oxygen. The lungs, LV, spleen, plasma, and kidneys were har-
vested and weighed, and the tibia was collected for the standardization
of weights. The samples were kept in 10% zinc formalin for im-
munohistochemistry or flash frozen for molecular analysis
[13,15,16,22,37].

2.6. Hematoxylin and eosin staining

Longitudinal sections of the left ventricle and kidney from each
group were acquired and embedded in paraffin wax. Different slides
were stained with hematoxylin and eosin (H&E) and a BX43 microscope
with an attached Olympus DP73 camera was used to acquire images of

the heart and kidney. The glomeruli of samples were subjectively
evaluated for signs of mesangial hyper-cellularity and disorganization.
The images of the glomeruli were scored from 0 to 10, where 0 in-
dicated a sample is having no glomerular impairment and 10 indicated
a sample with the most significant pathological changes. A total of 4
images were analyzed for each representative mouse [13,15,22,37].

2.7. COX-2 activity

The COX activity assay kit (Cayman Chemical, 760151) was used
according to the manufacturer's instructions to determine COX-2 ac-
tivity in the kidney tissue [16].

2.8. Periodic acid Schiff reagent (PAS) staining

For no-MI and CAP treated mice, the kidney samples were em-
bedded in paraffin wax for preservation. The wax was dissolved using a
CitriSolv (Fisher Scientific) solution. The samples were then stained
with a periodic acid-Schiff reagent and the renal tissue examined for
evidence of structural disorganization [14].

2.9. Neutrophil staining

For neutrophil assessment, the slides were deparaffinized and
placed in a pressure cooker for heat-mediated antigen retrieval. Rabbit
serum was used for blocking, and the slides were incubated with rat
anti-mouse neutrophils at 4 °C overnight. A Vectastain Elite ABC kit
(Vector) was then used to stain the neutrophils [13,22].

2.10. Glomerular filtration rate (GFR)

Three CAP-treated female animals and four non-treated female an-
imals were selected to determine GFR. These mice were anesthetized
using 1.5–2% isoflurane. A small portion of hair was removed from the
dorsal side of each mouse, and a monitor was attached using adhesive
and medical tape. A solution of 15mg/mL of FITC-sinistrin dissolved in
0.9% sterile saline was injected intravenously. The mice were then re-
turned to their cages and monitored for 2 h. Data were analyzed using
elimination kinetics [1,28].

2.11. Kidney RNA isolation and real-time quantitative PCR

RNA was extracted from various kidney tissues, including kidney tissues
from the splenocardiac project, using the Trizol method. cDNA was syn-
thesized using 2 μg of RNA and a SuperScript Vilo cDNA Synthesis Kit
(Invitrogen). Quantitative PCR for the TNF-α (Mm00443258_m1), IL-
1β(Mm01336189_m1), MRC-1 (Mm00485172_m1), NGAL(Mm01324470_
m1), KIM-1 (Mm00506686_m1), Nephrin (Mm01176615_g1), COX-1
(Mm00477214_m1), and COX-2 (Mm00478374_m1) genes were performed
using TaqMan (Applied Biosystems, CA, USA) probes as done previously
(10). Gene expression was normalized with hypoxanthine phosphoribosyl-
transferase-1 (Hprt-1). The results were reported as 2^−∆CT. RT-PCR ex-
periments were performed in duplicates with n=5 mice per group [16].

2.12. TUNEL, vimentin, and NGAL confocal microscopy

Immunofluorescence studies were conducted to determine the level
of NGAL and Vimentin in the kidney tissue. Slides of kidney tissue were
fixed, permeated, and blocked with an antibody against Vimentin
(Abcam, ab92547) and NGAL (MAB1757, R&D Systems) overnight. The
sections were stained with a secondary antibody: anti-mouse for the
Vimentin, anti-goat for the NGAL, and Alexa 555, a fluorochrome
(A21422, Molecular Probes), for 1 h. Confocal microscopy was per-
formed as described previously [15].
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2.13. Serum creatinine

10 μl of plasma ([2H3] creatinine) was added to an aliquot of mice
serum. The protein was then removed from the mixture by adding sol-
vent, drying under nitrogen, and exchanging the solvent. Creatinine was
separated on a short, hydrophilic LC-column and detected using multiple
reaction monitoring (MRM). The resulting ion peaks were converted to a
concentration using an external calibration curve [15,34,36].

2.14. Statistical analysis

Data are presented as mean ± SEM. GraphPad prism 7 was used to
conduct statistical analysis. Two-way ANOVA's were used to determine
the significance of the values compared to the −CAP-MI group
(*p < 0.05) and the +CAP-MI group ($p < 0.05). For glomerulus
structure analysis, 20 glomeruli were scored to rate their cellular or-
ganization, 0 being the most structured and 10 being the most dis-
organized.

3. Results

3.1. Subacute CAP treatment increased serum creatinine in mice, indicative
of renal injury

After two weeks of CAP treatment, plasma serum creatinine levels
were determined using mass spectrometry. Gene expression levels of
inflammatory cytokines and renal injury markers were measured in the
kidney and compared to +/−CAP naïve controls (Fig. 1A; study de-
sign). After 2 weeks CAP treatment and 24 h post-MI, the +CAP+MI-
d1 mice were compared with −CAP+MI-d1 mice to determine whe-
ther the inflammation and resolution response was impaired by CAP
treatment in kidney. Post-MI, cytokines were measured, and histology

was examined to evaluate the effect of CAP treatment on the initiation
and resolution of inflammation in the setting of MI (Fig. 1B). CAP
pretreatment elevated plasma creatinine levels compared with −CAP-
no-MI mice, indicating that CAP treatment, without MI, triggered renal
injury (Fig. 1C). The CAP pretreatment increased renal damage, sug-
gestive of an adverse effect on kidney hemodynamics and inflamma-
tion. The decrease in plasma creatinine +CAP+MI-d1 compared to
+CAP-no-MI may suggest a decrease in the integrity of the glomerular
filtration barrier (Fig. 1C). The glomerular filtration studies revealed
that there were no significant differences in GFR between −CAP-no-MI
and +CAP-no-MI mice (Fig. 1D), demonstrating that the CAP treatment
does not lead to renal dysfunction, but does induce molecular and
cellular renal injury.

3.2. MI-induced heart dysfunction confirmed using echocardiography for
pathological remodeling

Dysfunction of the heart after coronary artery ligation was con-
firmed using ultrasound (Vevo 3100) and data was analyzed using Vevo
LAB software 3.1 (Fig. 2; Table 1). Compared to control groups, mice
treated with CAP showed subtle contractile dysfunction prior to MI.
This is evidenced by the shorter vector lines (green) during systole
when arresting the heart in mid-systole (Fig. 2A). Both −CAP and
+CAP mice that were subjected to MI surgery were shown to have
significantly reduced left ventricular fractional shortening, indicative of
impaired overall contractile function as shown in (Fig. 2A and C). Ad-
ditionally, mice that were subjected to coronary artery ligation surgery
displayed, posterior wall-thinning, impaired global circumferential
strain, and regional dyssynchronicity (Fig. 2A, B, and D;
Table 1). Furthermore, these mice displayed greater end systolic and
end diastolic dimension values than control mice, suggestive of MI-in-
duced pathological remodeling.

Fig. 1. Subacute CAP treatment increases the level of renal injury markers pre-MI.
A. Study design describes a two-week subacute treatment of carprofen (CAP) to mice with pre and post myocardial infarction (MI) to study the effects of CAP on
cardiorenal inflammation. B. A list of biological measures used to evaluate the effect of the CAP and measure renal injury markers. C. Plasma creatinine (*p < 0.05
vs. −CAP No-MI; analyzed by two-way ANOVA); values are means ± SEM; n= 4 mice/group. and D. Representative and average glomerular filtration rate (GFR);
values are means ± SEM; n= 3 mice/group.

V. Krishnan et al. Life Sciences 218 (2019) 224–232

226



3.3. Subacute CAP treatment impaired the initiation of inflammatory
response post-MI

Examination of H&E stained slides of the LV showed clear evidence
that the MI-induced LV is dilated in the +CAP+MI-d1 groups com-
pared with −CAP+MI-d1 groups. The myocardium is injured with
necrosis and apoptosis, and the fibers have lost their structural integrity
allowing the nuclei to no longer be anchored in the muscle fibers in CAP
treated MI-d1 groups (Fig. 3A). The neutrophil stained sections also
showed that there was an increase in neutrophils in the +CAP-MI-d1
group compared to the −CAP+MI-d1 group (Fig. 3B and C). IL-1β
levels increased significantly in the +CAP No-MI naïve controls when
compared to the −CAP-No-MI naïve controls, however TNF-α dis-
played an insignificant upregulation in these groups (Fig. 3D and E).
These changes in the LV pathology along with the increases in these
pro-inflammatory cytokines indicated that CAP treatment primed the
immune system for an inflammatory response pre-MI. The simultaneous
increase in the expression of MRC-1, a key reparative inflammatory
marker, further indicated that the reparative inflammatory response
was increased before injury due to the CAP-induced pre-activation of
immune cells. In the −CAP+MI-d1group, there was an insignificant
increase in the levels of TNF-α and IL-1β, suggestive of MI-triggered
initiation of an inflammatory response (Fig. 3D and E). However, the

Fig. 2. Short axis B Mode, circumferential three-dimensional strain, left ventricle wall trace M mode, and segmental short axis synchronicity indicates
changes in ventricle size accompanied by impaired left ventricle systolic function following transmural myocardial infarction. A. Green vector and left
ventricle wall tracing suggestive of MI-induced contractile dysfunction compared with No-MI controls presented as short axis B-mode in mid-systole. B. Left ventricle
M-mode wall trace of representative subjects from each experimental group. C. Three dimensional representation of short axis circumferential strain. D. Traces of MI-
indcued left ventricle circumferential dyssynchronicity compared with No-MI controls. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Echocardiography parameters before and after subacute CAP treatment in acute
cardiac heart failure compared to naïve controls.

Echo
parameters

−CAP no-MI
(n=7)

+CAP no-MI
(n=6)

−CAP MI-d1
(n= 5)

+CAP MI-d1
(n= 5)

Heart rate
(bpm)

479 ± 8 460 ± 12 469 ± 21 479 ± 46

EDD (mm) 4 ± 0.08 4 ± 0.06 4 ± 0.20 4 ± 0.16
ESD (mm) 2 ± 0.11 3 ± 0.09 4 ± 0.18 4 ± 0.23
Fractional

shortening
(%)

40 ± 2 21 ± 0.01⁎ 8 ± 2⁎,$ 8 ± 4⁎,$

IVSd (mm) 0.73 ± 0.03 0.78 ± 0.04 0.59 ± 0.06⁎ 0.81 ± 0.02
PWTd (mm) 0.76 ± 0.04 0.76 ± 0.05 0.68 ± 0.08 0.76 ± 0.06
IVSs (mm) 1.10 ± 0.08 1.06 ± 0.07 0.64 ± 0.07⁎,$ 0.86 ± 0.04
PWTs (mm) 0.98 ± 0.10 1.03 ± 0.05 0.68 ± 0.06⁎,$ 0.77 ± 0.09
GLS −19 ± 0.3 −14 ± 1⁎ −5 ± 1⁎,$ −5 ± 2⁎,$

Abbreviations: Values are mean ± SEM. N indicates sample size; bpm, beats
per minute; mm, millimeter; EDD, End diastolic dimension; ESD, End systolic
dimension; IVSd, Inter ventricular septum diastole; PWTd, Posterior wall
thickness diastole; IVSs, inter ventricular septum systole; PWTs, posterior wall
thickness systole; GLS, global longitudinal strain.

⁎ p < 0.05 vs −CAP-no-MI.
$ p < 0.05 vs +CAP-no-MI groups.
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levels of gene expression for TNF-α and IL-1β were decreased post-MI in
the +CAP+MI-d1 group, indicative of compromised immune re-
sponses after CAP treatment (Fig. 3D and E). The expression of MRC-1
was significantly decreased in the +CAP+MI-d1 group when com-
pared to the +CAP-No-MI group, suggestive of an impaired in-
flammatory-resolution response due to CAP in the naïve control group
(Fig. 3F). The statistical analysis of cytokines is presented in the
(Fig. 3G). These data suggest that CAP treatment amplified the in-
flammatory response and impaired initiation of the acute inflammation-
resolution response after cardiac injury.

3.4. Subacute CAP treatment amplified MI-mediated renal injury

The histology analysis of H&E stained sections of the renal medulla
and glomerulus showed an increase in neutrophil count, inflammation
of tubules and thinning of the basement membrane of Bowman's cap-
sule in +CAP+MI-d1 mice (Fig. 4A). The pretreatment of CAP to mice
resulted in proximal convoluted tubule swelling and swelling of the
glomerular capillaries (Fig. 4A) [13]. Analysis of gene expression levels
showed that neutrophil NGAL was expressed at higher levels in the
−CAP+MI-d1 mice when compared to the naïve control, indicating
that neutrophil infiltration is part of the initial immune response to
tissue injury. CAP treatment significantly elevated NGAL expression
post-MI when compared to the −CAP+MI-d1 mice suggestive of
amplified neutrophil infiltration and renal tissue injury due to CAP
(Fig. 4B). Another marker of renal injury, KIM-1, which also increased

in the −CAP+MI-d1 mice as compared to the −CAP-no-MI control
mice (Fig. 4C), though this increase was not significant. However, CAP
treated both +CAP-no-MI and +CAP+MI-d1 group did not displayed
any significant changes (Fig. 4C) indicating suppressed initiation of the
host response. Nephrin, an integral part of the renal filtration barrier,
had decreased expression levels post-MI, indicating that the MI does
induce some renal injury (Fig. 4D). However, in the +CAP-no-MI
control mice, the expression levels of nephrin were already lowered,
indicating that the CAP treatment altered kidney morphology. The le-
vels of nephrin in the −CAP+MI-d1 mice were similar to the ex-
pression levels of the +CAP-MI-d1 mice, indicating that CAP and MI
separately induced similar amounts of renal injury (Fig. 4C). The levels
of nephrin expression were the lowest in the +CAP+MI-d1 mice,
again showing that CAP pretreatment, when followed by an MI, can
trigger excessive amounts of damage in the kidney.

3.5. Subacute CAP treatment increased fibrosis and neutrophil infiltration
in the kidney pre-MI

Vimentin, a marker of fibrosis, can be used to detect impairment
with the healing process. Immunofluorescence images of mice kidneys
from the four groups showed that Vimentin expression was increased in
the event of an MI, indicating that an MI triggered the fibrotic healing
process (Fig. 5A). Vimentin expression also increased with CAP treat-
ment in the +CAP+MI-d1 group, demonstrating that CAP treatment,
without MI, triggered renal injury (Fig. 5A). The expression of vimentin

Fig. 3. Subacute treatment of CAP suppresses the innate immune response in the event of an MI.
A1. Representative hematoxylin and eosin (H&E) stained (40×) images of the left ventricle (LV) of the −CAP-no-MI, +CAP-no-MI, −CAP+MI-d1, and
+CAP+MI-d1 groups. B. Representative neutrophil stained (40×) images of the infarcted left ventricle (LV) of the −CAP+MI-d1 and +CAP+MI-d1. C. Bar
graph representing percentage neutrophil density in −CAP and +CAP groups at d1 post-MI. mRNA expression of pro-inflammatory markers. D. TNF-α and E. IL-1β.
mRNA expression of anti-inflammatory markers. F.MRC-1. G. Table is representing CAP effect and MI impact by two-way ANOVA. +CAP and −CAP treated pre-MI
and post-MI groups. mRNA levels are normalized with hypoxanthine phosphoribosyltransferase 1 (HPRT-1). Values are means ± SEM; n= 5 mice/group *p < 0.05
vs −CAP-no-MI; $p < 0.05 vs +CAP-no-MI groups (analyzed by two-way ANOVA).
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Fig. 4. Subacute carprofen (CAP) exposure intensified inflammatory response in the cortex, medulla, and glomerulus of kidney post-MI. A. Representative
hematoxylin and eosin (H&E) stained (10×) images of the cortex, medulla, and glomerulus for −CAP and +CAP treated no-MI and post-MI groups. mRNA
expression of kidney injury markers. B. NGAL, C. KIM-1, and D. Nephrin. mRNA levels are normalized with hypoxanthine phosphoribosyltransferase 1 (HPRT-1).
Values are means ± SEM; n=5 mice/group *p < 0.05 vs −CAP-no-MI; $p < 0.05 vs +CAP-no-MI groups (analyzed by two-way ANOVA).

Fig. 5. Subacute CAP treatment increases the expression of vimentin and NGAL in kidney tissue.
A. Immunofluorescence images are showing an increase in vimentin expression (red) and nuclei (blue) 24 h after MI following 2week CAP treatment, in both the
−CAP+MI-d1 and+CAP+MI-d1 groups. B. Immunofluorescence images are depicting an increase in neutrophil gelatinase associated lipocalin (NGAL) expression
(red) and nuclei (blue) 24 h after MI following a 2week CAP treatment, in both the −CAP+MI and+CAP+MI groups. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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was more localized in the −CAP+MI-d1 group, whereas the
+CAP+MI-d1 group showed evidence of generalized vimentin ex-
pression. Potentially, this shows that the MI prompted less renal dis-
organization than the CAP treatment (Fig. 5A). The +CAP+MI-d1
group displayed higher levels of vimentin expression than the
−CAP+MI-d1 group, demonstrating that CAP amplified the structural
disorganization post-MI (Fig. 5A). The +CAP+MI-d1 group also had
more vimentin than the +CAP-MI-d1 group, showing that the MI and
CAP treatment have an additive, deleterious effect along the cardior-
enal axis. NGAL serves as a marker of the initial, innate immune re-
sponse to injury. When comparing NGAL expression levels in the
−CAP+MI-d1 and −CAP+MI-d1 groups, there was a greater
amount of NGAL in the −CAP+MI-d1 group, indicating that neu-
trophil infiltration is part of the typical immune response to tissue in-
jury (Fig. 5B). However, the +CAP+MI-d1 group also showed in-
creased levels of NGAL as compared to the naïve control, demonstrating
that CAP treatment pre-activated the immune system and tampered
with the initiation of the immune response (Fig. 5B). The +CAP+MI-
d1 group had higher levels of NGAL expression than the −CAP+MI-
d1 and the +CAP+MI-d1 groups (Fig. 5B). Again, the increased NGAL
expression demonstrates that the CAP treatment, combined with an MI,
led to an amplified acute inflammatory response as shown by neu-
trophil swarming in the +CAP+MI-d1 group.

3.6. CAP treatment increased tubular necrosis and amplified inflammatory
response in the event of an MI

The expression of cardinal inflammation triggering enzymes COX-1
and COX-2 were also examined. Cyclooxygenase (COX) mRNA, typi-
cally inhibited by NSAIDs, was measured in renal tissue of each mouse.
The +CAP had significantly upregulated levels of COX-2 when

compared to the −CAP groups with no significant changes in COX-1
(Fig. 6A and B) indicating that the combination of the CAP treatment
and MI amplified renal tissue inflammation. However, COX-2 activity
was decreased in +CAP treated groups (Fig. 6C). Fluorescence studies
with terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-
biotin nick-end labeling (TUNEL) staining gave evidence of renal dis-
organization in +CAP+MI-d1 mice. The −CAP+MI-d1 group, in
comparison to the −CAP-no-MI group, had more apoptotic cells (green)
about the intact nuclei (red), demonstrating that the MI triggered some
apoptotic renal injury (Fig. 6D). In the +CAP+MI-d1 group, there was
evidence of tubular apoptosis, showing that CAP caused renal in-
flammation and apoptosis before cardiac injury (Fig. 6D and E). Both
the −CAP+MI-d1 and +CAP+MI-d1 groups showed excessive renal
damage, as the staining highlighted several apoptotic cells, demon-
strating that the MI and CAP treatment both caused accelerated tubular
apoptosis (Fig. 6D).

In summary, the subacute CAP treatment by itself caused subtle low-
grade inflammation, as evidenced by the increase in mRNA levels of
pro-inflammatory cytokines as well as the increase in neutrophil in-
filtration when compared to the naïve control. When the prolonged CAP
treatment was assessed in the setting of an MI, there was evidence of
more inflamed kidney as the expression of pro-inflammatory cytokines
and renal injury markers were higher in the +CAP+MI mice.
Therefore, CAP treatment followed by an MI resulted in an impaired
acute inflammatory response that amplified inflammation MI-induced
cardiorenal syndrome.

4. Discussion

The inflammatory response, while associated with pain and swelling
is vital in responding to tissue injury as it aids in the clearance of dead

Fig. 6. Subacute CAP treatment increases tubular apoptosis and adversely affect the inflammatory reparative response post-MI.
mRNA expression levels of pro-inflammatory enzymes A. COX-1 and B. COX-2. mRNA levels are normalized with hypoxanthine phosphoribosyltransferase 1 (HPRT-
1) C. Bar graph representing COX-2 activity in the kidney of −CAP and +CAP treated no-MI and post-MI groups. (*p < 0.05 vs −CAP No-MI; $p < 0.05 vs −CAP
MI-d1; analyzed by two-way ANOVA). Values are means ± SEM; n= 3 mice/group. D. TUNEL stained images of the kidney showing that CAP treatment resulted in
greater amounts of tubular apoptosis pre and post MI. E. Bar graph representing number of apoptotic cells per section analyzed in −CAP and +CAP treated no-MI
and post-MI groups. *p < 0.05 vs −CAP No-MI; $p < 0.05 vs −CAP MI-d1; analyzed by two-way ANOVA; values are means ± SEM; n= 3 mice/group. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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cells and cell debris [8,12,20]. Tissue injury triggers a reparative in-
flammatory response which is characterized by an increase in pro-in-
flammatory cytokines, leukocytes infiltration (neutrophil and mono-
cytes/macrophage) into the injured tissue and eventual resolution of
the injury [8,20]. A myocardial infarction (MI) not only induces
ischemia in the cardiac tissue but also inflicts significant injury on the
kidney, as shown by the increase in both plasma and urine NGAL levels
post-MI in a rat model [4,6]. The renal pathology induced by the MI
results in the development of cardiorenal syndrome, which describes
the pathological changes when cardiac or renal failure triggers bidir-
ectional feedback. Prolonged NSAID usage has been shown to elevate
the risk of cardiac and renal failure events [25,32]. Use of NSAIDs has
also been shown to trigger renal damage. While the renal impairment is
usually reversible, prolonged NSAID use can result in abnormal renal
function for a more extensive period [7]. Our investigation elucidated
the molecular and cellular mechanism of CAP-mediated adverse effects
after subacute treatment. CAP treatment 1) triggered an increase of
kidney injury marker; 2) impaired initiation of acute inflammatory
responses post-MI; and, 3) had an adverse additive effect when com-
bined with an MI which led to marked dysregulation of cellular and
molecular markers. CAP-triggered changes in renal structure even
without the presence of the MI. Again, the MI and CAP treatment
seemed to have had an additive effect, where the CAP treatment alone
triggered subtle low-grade inflammation, but the combination of the MI
and CAP triggered dysregulation of an acute inflammatory response.
Prolonged CAP treatment with MI amplified this inflammation and
intensified cardiorenal syndrome. Non-resolving inflammation provides
a cautionary note regarding NSAID use in patients at risk for cardio-
vascular events. The three molecular and cellular actions mentioned
above are detailed below.

First, the data presented reveal that CAP treatment triggers renal
inflammation even prior to the MI surgery. Plasma creatinine levels, a
biomarker of renal injury, increased in the mice subjected to CAP
treatment, indicating that renal inflammation occurs because of the
NSAID treatment alone [18]. In addition to this preliminary marker of
renal pathology, the levels of NGAL and KIM-1, two biomarkers of renal
injury, increase after subacute CAP treatment, which is consistent with
previous studies [35]. The renal inflammation done by the CAP increase
is also shown in the renal histology where the proximal convoluted
tubules are inflamed, and the glomerular structural integrity is com-
promised [23]. As such, the CAP treatment triggered renal inflamma-
tion without MI, demonstrating that NSAID treatment causes kidney
injury [7].

In addition to triggering baseline renal inflammation, CAP treat-
ment also tampers with two aspects of the reparative inflammatory
response: the initiation and the resolution of inflammation. The in-
itiation of the inflammatory response is characterized by the expression
of pro-inflammatory cytokines, neutrophil infiltration, biosynthesis of
immunoresolvents and production of chemo-attractants [29,30]. In this
study, CAP treatment increased the expression levels of pyrogenic TNF-
α and IL-1β levels before the MI. CAP treatment also increased the
expression of COX-2 pre-MI. COX-2 is an enzyme that is induced in the
onset of the inflammation process and produces chemo-attractants such
as prostaglandin E2 (PGE2), which serves to recruit immune cells to the
site of injury [21]. The increase in COX-2 in +CAP-MI mice, indicates
that the inflammatory response has already begun, even without tissue
injury [21]. These findings corroborate previous studies where cel-
ecoxib, a COX-2 inhibitor, treatment resulted in increased TNF-α levels
and ibuprofen. Also a COX-2 selective inhibitor in mice triggered renal
impairment [5,7,21]. The initiation and resolution of inflammation are
two distinct but unified and overlapping processes [12,27,33]. MRC-1 is
involved in the resolution of inflammation as it helps clear the glyco-
proteins that participate in the ascendency of the inflammatory re-
sponse [10]. The CAP treated mice show increased levels of MRC-1
even prior to the injury, when compared to the naïve control, indicating

that that the onset of the resolution phase was also initiated prior to the
tissue injury, like the pro-inflammatory cytokines [27,33].

When the pre-treatment of CAP was followed by the MI, the levels of
pro-inflammatory cytokines TNF-α and IL-1β decreased, rather in-
creased, in response to tissue injury [8,20]. This lack of initiation of the
inflammatory response can be traced back to the pre-treatment of CAP,
which increases the TNF-α and IL-1β levels prior to injury; as such,
tissue injury no longer serves to initiate the inflammatory response. The
KIM-1 marker remained similar pre and post-MI in the CAP treatment
group, rather than increasing as it should in the event of kidney injury,
potentially indicating that the markers used to alert the body to tissue
injury are non-functional [31,35]. KIM-1 also contributes to the pro-
duction of pro-inflammatory cytokines [2]. As KIM-1 does not increase
post CAP treatment and post MI, the optimal reparative inflammatory
response in the kidney is not triggered.

Additionally, KIM-1 also serves to phagocytose apoptotic cellular
debris, and as the TUNEL staining shows, there are more apoptotic cells
in the +CAP+MI mice compared to control groups. This increase
indicates that the CAP induced lack of KIM-1 prevented the normal
clearance process, magnifying the inflammation post-MI [2]. MRC-1 is
also a surface marker of M2 macrophages, which are responsible for
wound healing and tissue repair [19,24]. Post-MI, the expression of
MRC-1 drops from pre-MI levels to the same amount of MRC-1 seen in
the −CAP+MI-d1 mice, showing that CAP not only tampered with the
initiation of the resolution process but impaired to promote resolution
and reparative response.

The adverse effects that CAP treatment has on the immune system
are mirrored in the amplified renal tissue injury seen post-MI. The
myocardium of the +CAP+MI-d1 mice is excessively edematous
when compared to the other groups, and the structural integrity of the
fibers is compromised [9]. Furthermore, the glomerulus shows more
obvious pathology and the protein expression levels of NGAL and vi-
mentin are increased post-CAP and post-MI [3,23,35]. In summary,
when CAP treatment prolonged before MI, then there is an increase in
tissue disorganization, and impaired natural endogenous reparative
inflammatory response is suppressed.

4.1. Limitations and perspective

This study has limitations to its application to a human subject as
there are differences between mice and human physiology.
Furthermore, the study only assessed results 24 h post-MI mainly in
acute heart failure in young mice and future studies will have to ex-
amine more time points to elucidate the complete mechanism of CAP's
effects on the cardiorenal syndrome. The CAP treatment interferes with
the initiation and resolution phases of the inflammatory response, in-
creasing the amount of tissue injury caused by an MI. The specific
mechanism of this interference as well as whether CAP affects macro-
phages is not clear and requires further studies. From a clinical stand-
point, there are also a few viable options other than NSAIDs to relieve
inflammation-related pain, but the effects of CAP demonstrate that
more research is warranted to develop effective alternatives.

5. Conclusion

Prolonged treatment of carprofen induced renal injury markers and
amplified non-resolving inflammation following cardiac injury.
Subacute treatment of pain-killer carprofen altered cellular and mole-
cular events after cardiac injury and intensified acute inflammation in
cardiac healing.

Presented results are indicative of immune suppressive and im-
paired resolution of inflammation mechanisms due to the subacute
treatment of pain-killer carprofen thereby cardiorenal syndrome in
acute heart failure.
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