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Introduction  

Acute kidney injury (AKI) is a complex disorder with 

high morbidity and mortality rate, especially when 

associated with multi-organ dysfunction syndrome in 

critically ill patients (Doi and Rabb, 2016). Renal 

ischemia/reperfusion, the most common cause of 

acute kidney injury, occurs in situations such as 

myocardial infarction, stroke, major surgeries and 

renal transplantation (Salvadori et al., 2015). AKI is 

not only locally limited to the kidney, but also affects 

remote organs such as the heart, lung, liver and brain 

that worsens outcomes (Shiao et al., 2015). The most 

important remote organic syndrome of acute or 

chronic renal failure is uremic encephalopathy, 

although the symptoms are more pronounced and 
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Abstract 

Introduction: The role of long noncoding RNAs (lncRNAs) has been intensively 

studied in the development of several human diseases. Myocardial infarction-

associated transcript (Miat) is among the most abundant and highly conserved 

lncRNAs that exhibits deregulation in some critical diseases. However, it remains 

unclear whether Miat may also play a role in the pathogenesis of acute kidney injury 

(AKI) and neurological consequences. 

 

Methods: In the present study, the expression of lncRNA Miat was measured in the 

rat kidney and hippocampus tissues to assess if there is an association between the 

expression of it and AKI. AKI was induced by clamping the bilateral renal artery for 

45min and was confirmed 24 hours after reperfusion by biochemical markers and 

histopathological assessments in rat kidneys. 

 

Results: We observed an increasing trend of Miat expression (256-fold) in the kidney 

as well as the hippocampus (2-fold) following AKI. 

 

Conclusion: It appears that there is a relationship between the deregulation of the 

Miat expression and AKI and the hippocampal involvement, although more studies 

are needed to confirm the functional effect of this lncRNA in AKI. 
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progression is more rapid in the acute kidney injury 

than the chronic renal failure (De Deyn et al., 1992; 

Burn and Bates, 1998). Neurological manifestations 

of AKI vary from dizziness to delirium, memory 

disorders, seizures, coma and even death (Burn and 

Bates, 1998). The pathophysiology behind uremic 

encephalopathy is incompletely understood. 

Oxidative stress and systemic inflammatory reactions 

as well as blood-brain barrier disruption after AKI 

have been implicated in the pathogenesis of the brain 

hippocampus injury (Liu et al., 2008; Lu et al., 2015). 

Systemic cytokines mediate brain inflammation and 

hippocampal transcriptional dysregulation after renal 

ischemia/reperfusion (Chou et al., 2014). Long non-

coding RNAs (lncRNAs) are a large and diverse class 

of non-protein coding transcripts which are longer 

than 200 nucleotides and function as transcriptional 

or post-transcriptional regulators of gene expression. 

The deregulation of lncRNAs has been recently 

documented in various human diseases including 

cancer (Nasrollahzadeh-Khakiani et al., 2017a; 

Nasrollahzadeh-Khakiani et al., 2017b), neurological 

disorders, inflammatory diseases and heart as well as 

kidney diseases (Niland et al., 2012; Fenoglio et al., 

2013; Lorenzen and Thum, 2016). Myocardial 

infarction-associated transcript (Miat) also known as 

Gomafu in human or Rncr2 in mouse was originally 

identified as a lncRNA in 2000 (Ohnishi et al., 2000; 

Blackshaw et al., 2004; Ishii et al., 2006; Sone et al., 

2007). Miat deregulation has been exhibited in 

various diseases such as myocardial infarction, 

microvascular dysfunction, ischemic stroke, diabetic 

retinopathy, diabetic nephropathy and mental 

disorders (Sun et al., 2018). However, it remains 

unclear whether Miat may also play a role in the 

pathogenesis of AKI. Therefore, in the present study, 

the expression of lncRNA Miat was measured in the 

rat kidney and hippocampus tissues to assess if there 

is an association between the expression of it and 

AKI. 

Materials and methods  

Animals 

Sixteen male Wistar rats weighing 200±20g (4-6 

months old) were randomly divided into two groups of 

eight animals each and housed in environmentally 

controlled animal room (22-25°C; a light-dark cycle of 

12:12h). Rodent chow and tap water were provided 

ad libitum throughout the acclimatization and study 

periods. Protocols were approved by the Animal 

Experimentation Ethics Committee of the Isfahan 

University of Medical Sciences (Ethical Code: 

IR.MUI.REC.1395.1.068). 

 

Induction of AKI 

Animals were randomly divided into two groups of 

eight rats: sham-operated control group and 

ischemia-reperfusion injury group as an AKI model. 

Rats were then anesthetized using intraperitoneal 

injection of xylazine (10mg/kg) and ketamine 

hydrochloride (90mg/kg). The kidneys were exposed 

through two small flank incisions. AKI was induced by 

bilateral renal pedicle clamping (45min) followed by 

releasing the clamps to revascularize. Occlusion was 

indicated visually by the change in the color of the 

kidney into a paler shade followed by a blush color 

when reperfusion occurred. Sham-operated control 

rats were undergoing the same surgical procedure 

except that the clamps were not applied. Then, the 

kidneys were returned to the abdomen, muscle layer 

and skin was closed with 3/0 polypropylene and 4/0 

mononylon sutures, respectively and covered with 

antibiotic ointment after surgery.  

 

Samples collection 

Twenty-four hours after reperfusion, the awake rats 

were anesthetized and blood samples (0.5ml) were 

drawn directly from the heart. Blood samples were 

allowed to clot for 30min at the room temperature 

before centrifugation, the sera were separated and 

stored at −20°C until urea and creatinine were being 

assayed using an autoanalyzer. Rats were then 

sacrificed via injection of potassium chloride (10% 

KCl) into the heart. The right kidney and dissected 

hippocampus samples were immediately removed 

and frozen in the liquid nitrogen and the left kidney 

was fixed in 10% formalin for further histological 

analysis. 

 

Histology 

Paraffin-embedded sections from the formalin-fixed 

kidney tissues were sliced into 4 μm thick sections 

and stained with hematoxylin and eosin. Acute 

tubular necrosis of kidneys was graded and judged 

on a scale of 0–4 (0= normal kidney; 1= minimal 

damage [<5% involvement of the cortex or outer 

medulla]; 2= mild damage [5–25% involvement of the 

cortex or outer medulla]; 3= moderate damage [25–
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75% involvement of the cortex or outer medulla] and 

4= severe damage [>75% involvement of the cortex 

or outer medulla]) (Malek and Nematbakhsh, 2014).  

 

Gene expression analyses 

Tissue samples (ischemic kidney and hippocampus) 

were cut into 35-40mg pieces and were homogenized 

with RNX-Plus solution (Sinaclon, Iran) using an 

automated homogenizer (Precellys®24; Bertin 

Technologies, France). Total RNA was then purified 

according to the manufacturer's protocol. For the 

elimination of genomic DNA from samples, RNAs 

were treated with RNase-free DNase I (Sinaclon, 

Iran). Subsequently, cDNA was synthesized with the 

cDNA Synthesis Kit (Yekta Tajhiz Azma, Iran) 

containing M-MLV reverse transcriptase, random 

hexamer primers, 5X first-strand buffer, RNasein and 

dNTP according to the protocol. For assessing gene 

expression, qRT-PCR was carried out on Miat and 

Actb (as a reference gene) genes with specific 

primers (Table 1) and RealQ Plus 2x Master Mix 

Green High ROX™ (Ampliqon, Denmark). The qRT-

PCR was applied for 40 cycles: stage1, an initial 

denaturation step at 95°C for 15min and stage2, 

secondary denaturation at 95°C for 15s and 

annealing/extension at 60°C for 1min. Data outcome 

from Miat gene expression was normalized with the 

expression of Actb of each sample. Calculation of 

relative gene expression was based on 2
-ΔΔCT

 (Livak 

and Schmittgen, 2001). 

 

Statistical analyses 

All gene expression experiments were performed at 

least three times. Student's t-test was utilized to 

compare the mean expression of Miat between non-

ischemic (sham) and ischemic groups. The data were 

analyzed using GraphPad Prism software, version 

5.01 (GraphPad Software Inc., San Diego, CA, US). 

All data were expressed as mean±SEM and P values 

of <0.05 were considered statistically significant. The 

mean of the differences between groups was 

compared using the Student t-paired test and 

pathological damages scores between two 

independent groups that failed to pass a normality 

test or an equal variance test, were compared by 

Mann-Whitney test as a nonparametric test. 

Results 

Biochemical and histological assessment  

To confirm renal damage and AKI model, serum 

blood urea nitrogen (BUN) and creatinine as well as 

 

Table 1: Sequences of primers utilized in this study 

Primers Primers sequences Product length (bp) 

rMiat-F1 

rMiat-R1 

TGATGTAATGGTGGCAGAGTG (21 mer) 

TCCATGAGGTCAGAATCCAAG (21 mer) 
188 bp 

rAct-F1 

rAct-R1 

GCCTTCCTTCCTGGGTATG (19 mer) 

TAGGAGCCAGGGCAGTAATC (20 mer) 
178 bp 

 

Fig.1. Renal functional parameters (blood urea nitrogen [BUN] and creatinine concentration) in sham-operated control rats 

(sham) and acute kidney injury induced by ischemia-reperfusion injury (IR). Each bar represents the mean±SEM (n=8). 
*
P<0.05 and 

**
P<0.01 compared to sham-operated group.  
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Fig.2. Kidney stained sections (hematoxylin and eosin; magnification ×200) show normal structure of the glomeruli, 

interstitium and tubules in sham operated group (A). Arrows show dilatation of Bowman’s space, tubular swelling and 

glomerulus degeneration affected in the renal ischemia-reperfusion (IR) group (B). Histopathological score in experimental 

groups indicates a significant tissue injury in IR compared to normal appearance (score=0) of sham-operated animals (C). 
**
P<0.01, bars represent mean±SEM (n=8).  

 

Fig.3. Electrophoresis of Miat PCR product on agarose gel. First lane represents the 100bp DNA ladder and the second 

lane represents the result of conventional RT-PCR performed on RNA extracted from a kidney tissue. PCR product on the 

second lane displayed a unique band with an anticipated size (188bp) for Miat transcript on the agarose gel. 
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Fig.4. Confirming the identity of Miat RT-PCR product using Sanger sequencing and BLAST against Rattus norvegicus 

genome. A) A part of a sequence electropherogram of the Miat PCR product; B) Comparison of sequence against Rattus 

norvegicus transcripts using the nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed the correct identity of 

the PCR product as Miat transcript. 

 

Fig.5. Relative expression of Miat in the kidney and hippocampus after the ischemia induction of the kidney using 

quantitative RT-PCR. Miat relative expression was determined in the kidney (A) and hippocampus (B) tissues of rats’ renal 

ischemia-reperfusion model. Miat gene expression in sham-operated rats was considered as calibrator (set as 1). Bars 

represent mean±SEM. IR: ischemic reperfusion group, sham: non-ischemic control group. 
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histopathological examination of kidney tissue were 

measured. Renal functional parameters (BUN and 

creatinine) as well as histopathology scoring in 

animals that underwent renal ischemia reperfusion 

verified a significant increase in both creatinine and 

BUN levels and histopathology score, compared with 

sham-operated control rats (creatinine: t=2.91, 

P=0.021; BUN: t=2.42, P=0.003; Fig. 1 and 

histopathological score: P=0.007 Fig. 2C). 

Histological examination showed tissue damage, 

necrosis with dilatation of Bowman’s space, tubular 

swelling and glomerulus degeneration in ischemic 

reperfused-kidney compared to sham operated group 

(Figs. 2A and B, see histological score Fig. 2C). 

There was a statistically significant increase in 

histopathological score in ischemia/reperfusion 

(1.67±0.5) versus sham group.  

 

Optimization of qRT-PCR reaction 

Specificity and optimized conditions for primers were 

firstly checked by conventional PCR and agarose gel 

electrophoresis. Results of gel electrophoresis 

displayed the specific band with expected amplicon 

size for both genes (Fig. 3). The specificity of Miat 

PCR amplicon was furthermore confirmed by Sanger 

sequencing (Fig. 4A). Blasting the sequence against 

Rattus norvegicus transcripts confirmed the identity of 

the Miat amplicon (Fig. 4B). Following conventional 

PCR optimization, quantitative PCR (qPCR) was 

performed and unique melting curves indicated a 

successful PCR amplification with a single specific 

amplicon (data not shown). 

 

Miat gene expression profile in the kidney and 

hippocampus 

Relative expression of Miat was measured in the rat 

kidney and hippocampus using qRT-PCR. The 

calculated expression values of ischemic and sham 

tissues were then compared between two groups to 

determine the expression of a sample relative to a 

calibrator (non-ischemic group). Ischemic kidney 

group showed a 256-fold increase in Miat expression 

relative to the sham group, although this increase 

was not statistically significant (P=0.06, Fig. 5A). The 

trend in Miat over-expression was the same in the 

hippocampus of ischemic group, in such a way that 

Miat showed a 2-fold increase in the ischemic group 

compared to non-ischemic one with a P value which 

was 0.153 (Fig. 5B). 

Discussion 

Nowadays, lncRNAs have attracted lots of attentions 

in the scientific community because of their 

fundamentally important roles in biological processes 

and human diseases. Dysregulation of lncRNAs is 

associated with the development of various complex 

diseases including inflammatory diseases (Reddy et 

al., 2014; Lin et al., 2015; Mirza et al., 2015; Yang et 

al., 2017). AKI has to be considered a systemic 

inflammatory condition that may have substantial 

harmful effects on multiple extrarenal distant organs 

(Yap and Lee, 2012; Nongnuch et al., 2014; Rabb et 

al., 2016). Cellular abnormalities and inflammation 

with increased pyknotic neuronal cells in the brain, 

particularly in the hippocampus as a prime target has 

been demonstrated following AKI model (Liu et al., 

2008). Recent studies also highlighted the regulatory 

role of lncRNAs in immune cell differentiation and 

immune system as well as inflammatory responses, 

especially in modulation of transcriptional control of 

inflammatory genes (Carpenter et al., 2013; Heward 

and Lindsay, 2014; Ilott et al., 2014; Puthanveetil et 

al., 2015; Zhou et al., 2016; Chen et al., 2017; Mathy 

and Chen, 2017). Although inflammation is a potential 

pathophysiology of acute renal failure, the role of 

lncRNAs in the pathogenesis of AKI and remote 

organ injury are still unclear. Uremic encephalopathy, 

an acquired toxic disorder, develops more in acute 

kidney injury than in chronic disease and is 

manifested with diverse cognitive symptoms and 

dementia in critically ill patients (Tsai et al., 2017). 

Because the hippocampus plays a major role in 

cognitive functions and is a prime region involved in 

AKI, this study was conducted to evaluate the 

expression of lncRNA Miat in the hippocampus after 

ischemia/reperfusion induced AKI. Acute kidney 

injury was approved with a significantly increased 

histopathology scores and functional parameters of 

the kidney. Histological analysis of kidney sections at 

day 1 after renal ischemia reperfusion revealed 

significant tubular damage and Bowman’s dilation 

with higher scores of renal histological lesions, which 

were not seen in sham control (Fig. 2). We identified 

a trend for lncRNA Miat up-regulation in the kidney 

after AKI. Even though this up-regulation was not 

statistically significant, but with a major trend we 

hypothesized that AKI could be associated with 

deregulation of lncRNA Miat in the kidney. 

https://www.frontiersin.org/articles/10.3389/fphar.2018.00051/full#F2
https://www.frontiersin.org/articles/10.3389/fphar.2018.00051/full#F2
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Interestingly, this up-regulation was also 

accompanied by a trend towards increased 

expression of Miat in the hippocampus as well. The 

up-regulation of Miat in the hippocampus may be 

associated with behavioral alterations that include 

mental and cognitive deficits which are seen in AKI 

patients (Barry et al., 2014; Kao et al., 2017). Barry et 

al. (2014) demonstrated that lncRNA Miat is acutely 

regulated by neuronal activity and dysregulated in 

schizophrenia patient brains which may contribute to 

plasticity-related activity-dependent alternative 

splicing. 

 Hippocampus is a vulnerable brain region involved in 

uremic encephalopathy which is associated with 

deficits in a variety of cognitive and memory tasks in 

acute and chronic kidney diseases (Bugnicourt et al., 

2013; Kovalčíková et al., 2018). As discussed earlier, 

the association between kidney and brain 

hippocampus has been identified by inflammation 

and cellular abnormalities in the hippocampus 

following AKI (Liu et al., 2008). Because of the 

involvement of lncRNAs in the immune system as 

critical regulators of inflammatory processes (Heward 

and Lindsay, 2014), it seems that up-regulation of 

Miat may play a role in the hippocampus 

inflammation. Nuclear factor-κB (NF-κB) represents a 

family of inducible transcription factors, which initiates 

induction of a large number of inflammatory genes 

during an immune responses (Liu et al., 2017). 

Recent evidence suggests that the Miat gene is a 

direct target of NF-κB to binding and promoting the 

expression of Miat under inflammatory states (Zhang 

et al., 2017). Miat also contributes to neuronal activity 

(Liao et al., 2016) and is widely expressed in the 

nervous system especially the CA1 region of the 

hippocampus that suggests a role in neuronal 

excitatory transmission. Up-regulation of Miat 

expression in nucleus accumbens of drug abusers 

may influence behavior with the regulation of the 

human genome (Albertson et al., 2006). Miat is 

included in a sub-category of lncRNAs that are 

involved in neural development and brain function 

and is expressed in differentiating neural progenitors 

and a subset of postmitotic neurons (Sone et al., 

2007; Barry et al., 2014). Among all lncRNAs, Miat 

has critical functional roles that exhibits deregulation 

in some diseases including diabetic nephropathy 

(Zhou et al., 2015), ischemic stroke (Zhu et al., 2018), 

cardiomyopathy (Ishii et al., 2006) and Schizophrenia 

(Barry et al., 2014). A growing body of evidence 

supports the contribution of microvasular disruption in 

potentially initiating blood brain barrier permeability 

and subsequently brain inflammation as well as initial 

tubular injury (Sutton et al., 2002; Sutton, 2009; 

Logsdon et al., 2015). It has been shown that lncRNA 

Miat has some regulatory effects on endothelial cell 

function due to its potential for neovascular disease 

treatment (Yan et al., 2015). Correlation of brain 

microvascular permeability and cerebral edema with 

AKI has been confirmed by pro-inflammatory 

chemokines in brain structures including 

hippocampus following renal ischemia reperfusion 

injury (Liu et al., 2008). From all of these evidences, it 

appears to be a potential relationship between the 

deregulation of the Miat expression in the kidney and 

hippocampus and AKI, although more studies are 

needed to confirm the effect of this lncRNA on this 

regard.  

Conclusion 

The research that focuses on Miat is still in the early 

stage, and there is still uncertainty about its pathways 

involved in organ cross-link. This study provides a 

novel insight in correlation of this lncRNA with AKI 

and hippocampus and possibly future clinical target 

for ameliorating of AKI as well as molecular diagnosis 

of hippocampal involvement as a remote organ 

complication. 
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