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Abstract
Acute	kidney	injury	(AKI)	is	a	common	perioperative	complication	that	is	associ-
ated	with	increased	mortality.	This	study	investigates	the	renal	gene	expression	
in	male	Long–	Evans	rats	after	prolonged	anesthesia	and	surgery	to	detect	molec-
ular	mechanisms	that	could	predispose	the	kidneys	to	injury	upon	further	insults.	
Healthy	 and	 streptozotocin	 diabetic	 rats	 that	 underwent	 autoregulatory	 inves-
tigation	 in	an	earlier	 study	were	compared	 to	 rats	 that	were	 sacrificed	quickly	
for	mRNA	quantification	in	the	same	study.	Prolonged	surgery	caused	massive	
changes	in	renal	mRNA	expression	by	microarray	analysis,	which	was	validated	
by	quantitative	real-	time	PCR	with	good	correlation.	Furthermore,	bioinformat-
ics	analysis	using	gene	ontology	and	pathway	analysis	identified	biological	pro-
cesses	involved	in	immune	system	activation,	such	as	immune	system	processes	
(p = 1.3 × 10−80),	immune	response	(p = 1.3 × 10−60),	and	regulation	of	cytokine	
production	 (p  =  1.7  ×  10−52).	 PCR	 analysis	 of	 specific	 cell	 type	 markers	 indi-
cated	that	the	gene	activation	in	kidneys	was	most	probably	macrophages,	while	
granulocytes	and	T	cell	appeared	less	activated.	Immunohistochemistry	was	used	
to	quantify	 immune	cell	 infiltration	and	showed	no	difference	between	groups	
indicating	that	the	genetic	activation	depends	on	the	activation	of	resident	cells,	
or	infiltration	of	a	relatively	small	number	of	highly	activated	cells.	In	follow-	up	
experiments,	surgery	was	performed	on	healthy	rats	under	standard	and	sterile	
condition	showing	similar	expression	of	 immune	cell	markers,	which	suggests	
that	the	inflammation	was	indeed	caused	by	the	surgical	trauma	rather	than	by	
bacterial	infection.	In	conclusion,	surgical	trauma	is	associated	with	rapid	activa-
tion	of	immune	cells,	most	likely	macrophages	in	rat	kidneys.
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1 	 | 	 INTRODUCTION

Recent	 studies	 have	 shown	 that	 surgery,	 irrespective	 of	
type,	induces	a	systemic	immune	response	that	may	pre-
dispose	other	organs	to	injury	and	at	a	later	stage	also	fail-
ure	 (Fidalgo	 et	 al.,	 2011;	 Terrando	 et	 al.,	 2010).	 Surgery	
triggers	 inflammatory	cascades	 throughout	 the	body,	 in-
cluding	 pro-	inflammatory	 cytokine	 secretion,	 immune	
cell	 recruitment,	 and	 increased	 vascular	 permeability	
(Wan	 et	 al.,	 2007).	 One	 of	 the	 most	 common	 complica-
tions	in	patients	exposed	to	surgery	is	acute	kidney	injury	
(AKI),	 a	 complication	 associated	 with	 increased	 mortal-
ity,	poor	outcome,	and	prolonged	recovery	time	(Chertow	
et	al.,	2005;	Mao	et	al.,	2013;	Rewa	&	Bagshaw,	2014).	The	
major	 focus	 of	 previous	 studies	 has	 been	 on	 AKI	 after	
cardiac	surgery.	According	to	RIFLE	criteria	(an	acronym	
comprising	Risk,	Injury,	and	Failure;	and	Loss,	and	End-	
stage	kidney	disease),	19.3%	of	patients	who	had	under-
gone	cardiac	surgery	suffered	from	renal	impairment	after	
cardiac	 surgery	 and	 patients	 classified	 as	 RIFLE-	Failure	
had	 a	 90-	day	 mortality	 rate	 of	 32.5%	 (Dasta	 et	 al.,	 2008;	
Lagny	et	al.,	2015).	More	importantly,	increasing	evidence	
has	 revealed	 that	 surgical	 trauma	 can	 lead	 to	 AKI	 even	
without	direct	intervention	on	the	kidney.	In	a	study	con-
sisting	of	10615	patients	undergoing	orthopedic	surgery,	
AKI	 affected	 up	 to	 11%	 of	 patients,	 including	 increased	
long-	term	mortality	(Bell	et	al.,	2015).	This	indicates	that	
some	surgery-	induced	change	in	renal	function	may	pre-
dispose	to	AKI.

Although	 AKI	 is	 a	 common	 form	 of	 postoperative	
organ	 failure,	 the	 direct	 cause	 and	 underlying	 mecha-
nisms	 remain	 unclear.	 Pathogenesis	 of	 AKI	 has	 mainly	
been	investigated	in	 ischemic	and	septic	animal	models.	
Hemodynamic	 injuries	 including	 tubular	 obstruction,	
vascular	 dysfunction,	 and	 necrosis	 are	 commonly	 found	
in	animals	with	ischemic	AKI	(Bonventre	&	Yang,	2011).	
In	AKI	induced	by	sepsis,	local	immune	system	is	highly	
activated,	triggering	pro-	inflammatory	cytokine	secretion	
and	leukocyte	infiltration,	ultimately	leading	to	apoptosis	
and	 endothelial	 damage	 (Doi	 et	 al.,	 2009).	 Indeed,	 im-
mune	 cell	 activation	 is	 a	 major	 mechanism	 behind	 the	
development	of	AKI	(Jang	&	Rabb,	2015).	To	date,	there	
is	no	direct	intervention	for	AKI	after	surgery,	and	a	bet-
ter	 understanding	 of	 underlying	 molecular	 and	 cellular	
mechanism	is	required	in	search	for	therapeutic	targets.

Diabetes	mellitus	(DM)	is	one	risk	factor	of	developing	
AKI,	both	alteration	 in	renal	blood	 flow	and	glomerular	
hypertension	are	 found	 in	diabetic	animals	 (Rosolowsky	
et	al.,	 2008;	Zatz	et	al.,	 1986).	 In	our	previous	 study,	we	
showed	 that	 renal	 autoregulation	 was	 transiently	 im-
paired	in	the	early	stage	of	DM	induced	by	streptozotocin	
(STZ)	(Mitrou	et	al.,	2015).	Interestingly,	it	also	suggested	
a	 surgery-	induced	 inflammatory	 response	 in	 the	 kidney	

that	 was	 independent	 of	 DM,	 which	 is	 further	 explored	
in	this	study.	To	evaluate	change	in	renal	gene	expression	
after	surgery,	we	performed	microarray	analysis	and	qPCR	
on	kidney	 tissue	 from	rats	after	3	hours	of	 surgery	with	
anesthesia	and	open	abdomen	that	were	compared	with	
quickly	sacrificed	control	animals.	Diabetic	animals	from	
the	original	 study	 (Mitrou	et	al.,	2015)	were	 included	 to	
determine	 if	 diabetes	 exacerbates	 the	 surgery-	induced	
gene	expression	changes.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals

All	 in	 vivo	 experiments	 were	 conducted	 in	 Department	
of	Biomedical	Physiology	and	Kinesiology,	Simon	Fraser	
University,	 Canada.	 All	 experiments	 were	 approved	 by	
the	University's	Animal	Care	Committee	(IACUC).	Male	
Long–	Evans	rats	(aged	12–	16 week)	were	purchased	from	
Harlan	Laboratories	(Livermore,	CA),	housed	in	groups	of	
2–	6	in	a	12:12-	h	light–	dark	cycle,	and	provided	with	ad	li-
bitum	access	to	standard	rat	chow	(LabDiet	5001)	and	dis-
tilled	water	as	described	previously	(Mitrou	et	al.,	2015).	
Diabetes	mellitus	was	induced	with	60 mg/kg	of	strepto-
zotocin	injection	into	the	tail	vein	(STZ).	Subcutaneous	in-
sulin	 implants	 (Linplant,	LinShin	Canada,	Scarborough,	
ON,	 Canada)	 were	 inserted	 (1/2	 implant)	 at	 the	 time	 of	
STZ	injection	to	keep	blood	glucose	(BG)	at	about	20 mM	
and	to	allow	the	rats	to	maintain	their	body	weight	(Lau	
et	 al.,	 2009;	 Sima	 et	 al.,	 2012).	 Rats	 had	 free	 access	 to	
5%	sucrose	in	water	for	the	first	24 h	after	STZ	to	guard	
against	 hypoglycemia	 in	 case	 STZ	 was	 ineffective.	 Body	
weight	(BW)	and	BG	were	measured	three	times	per	week	
in	each	rat	beginning	 the	day	before	STZ	 injection	until	
the	 day	 of	 the	 terminal	 experiment.	 Originally,	 surgery	
with	prolonged	anesthesia	(isoflurane	4%	during	surgery	
followed	by	~2%,	3-	4 h)	was	performed	on	both	healthy	
(n = 7)	and	diabetic	rats	(n = 7).	Surgery	was	performed	
4	weeks	following	diabetes	induction	and	in	age-	matched	
controls.	It	included	tracheal	cannulation	and	mechanical	
ventilation,	femoral	venous	and	arterial	cannulation,	left	
kidney	exposure	through	a	subcostal	incision,	and	place-
ment	 of	 a	 renal	 arterial	 flow	 probe	 (TS420;	 Transonic	
Systems).	 Rats	 allocated	 to	 the	 no-	surgery	 group	 were	
sacrificed	immediately	following	nephrectomy	(n = 6	STZ	
and	n = 7 healthy).	All	the	sample	preparations	and	pro-
cedures	were	performed	as	described	in	the	original	study	
(Mitrou	et	al.,	2015).

To	exclude	the	effect	of	infection,	separate	experiments	
were	performed	in	non-	diabetic	rats,	comparing	standard	
clean	 laboratory	 surgery	 with	 surgery	 performed	 under	
fully	sterile	conditions.	RNA-	later	stabilized	kidney	tissue	
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from	sterile	surgery	(n = 4)	and	non-	sterile	surgery	(n = 4)	
was	collected	and	frozen	until	used.

2.2	 |	 Microarray expression analysis

RNA	 was	 quantified	 and	 checked	 for	 purity	 using	 a	
NanoDrop	 (Thermo	 Fisher	 Scientific)	 spectrophotom-
eter,	 and	 quality	 was	 evaluated	 using	 the	 Agilent	 2100	
Bioanalyzer	 system	 (Agilent	 Technologies	 Inc).	 Two	
hundred	 and	 fifty	 nanograms	 of	 total	 RNA	 from	 each	
sample	 was	 used	 to	 generate	 amplified	 and	 biotinylated	
sense-	strand	 cDNA	 from	 the	 entire	 expressed	 genome	
according	to	the	GeneChip®	WT	PLUS	Reagent	Kit	User	
Manual	(P/N	703174	Rev.	1,	Affymetrix	Inc.).	GeneChip®	
ST	 Arrays	 (GeneChip®	 Rat	 Gene	 2.1	 ST	 24-	Array	 Plate)	
were	hybridized	for	16 h	in	a	45°C	incubator,	washed	and	
stained	 and	 finally	 scanned	 with	 the	 GeneTitan®	 Multi-	
Channel	 (MC)	 Instrument,	 according	 to	 the	 GeneTitan	
Instrument	User	Guide	for	Expression	Arrays	Plates	(PN	
702933	 Rev.	 2,	 Affymetrix	 Inc.).	 The	 dataset	 has	 Array	
Express	 Accession	 number:	 E-	MTAB-	3661	 (http://www.
ebi.ac.uk/array	expre	ss/).

2.3	 |	 Quantitative real- time PCR

Both	original	and	sterile/non-	sterile	groups	were	used	for	
qPCR	validation	of	the	gene	expression.	Nine	inflamma-
tory	cell	and	endothelial	marker	genes	were	selected	for	
qPCR	 validation:	 Ccr4	 (C-	C	 motif	 chemokine	 receptor	
4);	Cxcr3	(C-	X-	C	motif	chemokine	receptor	3);	Gja1	(gap	
junction	protein,	alpha	1,	Connexin	43);	Gja4	(gap	junc-
tion	protein,	alpha	4,	Connexin	37);	Itfg1	(integrin	alpha	
FG-	GAP	 repeat	 containing	 1);	 Ly6g6c	 (lymphocyte	 anti-
gen	6	family	member	G6C);	Nos2	(nitric	oxide	synthase	2);	
Nos3	(nitric	oxide	synthase	3);	and	Ptgs2	(prostaglandin-	
endoperoxide	 synthase	 2).	 Total	 mRNA	 was	 extracted	
from	30 mg	kidney	tissue	of	each	individual	with	RNeasy®	
Mini	kit	(Cat	No.	74104,	QIAGEN),	and	purity	and	con-
centration	were	assessed	using	Nanodrop	2000	(Thermo	
Fisher).	 TaqMan	 probes	 (TaqMan®	 Gene	 Expression	
Assays,	Thermo	Fisher)	and	SYBR	kit	(QuantiNova	SYBR	
Green	 PCR	 Kit,	 QIANGEN)	 were	 used	 for	 qPCR.	 The	
amplification	was	performed	on	QuantStudio	5	(Thermo	
Fisher).	 The	 target	 gene	 expression	 was	 normalized	 by	
18S	ribosomal	RNA.	Data	are	presented	as	Ct–	Ct	value.

2.4	 |	 Immunohistochemistry

Immunohistochemistry	 was	 used	 to	 quantify	 resident	
immune	 cells	 in	 the	 kidneys.	 The	 leukocyte	 common	

antigen,	CD45	(Abcam,	UK,	ab10558,	1:100	in	2.5%	goat	
serum),	was	used	to	estimate	the	total	number	of	leuko-
cyte	 lineage	 cells	 in	 the	 kidneys.	 The	 T-	cell	 co-	receptor	
CD3	 (Abcam,	 UK,	 ab5690,	 1:100	 in	 2.5%	 goat	 serum)	
was	used	to	quantify	T	cells,	and	the	macrophage	marker	
CD68	(Abcam,	UK,	ab125212,	1:500	in	2.5%	goat	serum)	
was	 used	 to	 quantify	 macrophages.	 Formalin-	fixed	 and	
paraffin-	embedded	 kidney	 sections	 (5  µm)	 were	 depar-
affinized	 in	 xylene	 (VWR,	 Sweden)	 and	 rehydrated	 in	
decreasing	concentrations	of	ethanol	(100,	95,	90,	80,	and	
70%).	For	CD45	and	CD3	antigen	retrieval,	sections	were	
boiled	 in	 citric	 acid	 pH	 6.0,	 3  ×  4  min	 in	 a	 microwave	
oven	at	900 W.	For	CD68	antigen	retrieval,	sections	were	
boiled	 in	 DIVA	 Decloaker	 (Biocare	 Medical)	 using	 2100	
Antigen	Retriever	 (1	 cycle,	Aptum	Biologics,	UK).	After	
cooling,	the	sections	were	washed	in	PBS	and	blocked	in	
5%	goat	serum	(Vector	Laboratories,	Sweden)	for	30 min	
at	room	temperature,	and	incubated	in	primary	antibody	
at	4ºC	over	night.	Following	incubation,	the	sections	were	
washed	 in	PBS	and	endogenous	peroxidase	was	blocked	
using	0.35%	hydrogen	peroxide	solution	(Sigma,	Sweden,	
15 min	at	room	temperature).	The	sections	were	washed	
once	again	in	PBS	and	incubated	in	HRP-	conjugated	sec-
ondary	antibody	(Abcam,	UK,	ab6721,	1:400	 in	PBS)	 for	
1	 hour	 at	 room	 temperature.	 Following	 a	 wash	 in	 PBS,	
the	 sections	 were	 incubated	 in	 DAB	 substrate	 contain-
ing	50 mM	Tris,	pH	7.6,	2%	3,3-	diaminobenzidine	(Sigma,	
Sweden),	and	0.3%	hydrogen	peroxide	(100:2.5:1).	The	re-
action	was	terminated	by	rinsing	the	sections	in	running	
tap	water	for	5 min.	Mayer's	hemalum	solution	was	used	
for	counterstaining,	and	the	sections	were	dehydrated	in	
increasing	concentrations	of	ethanol	 (70,	80,	90,	95,	and	
100%).	The	number	of	positively	stained	cells	was	counted	
on	10	randomly	chosen	fields	at	20×	for	each	section	using	
ImageJ	(Mao	et	al.,	2013).

2.5	 |	 Statistic and bioinformatic analysis

Data	 were	 normalized	 using	 the	 robust	 multi-	array	
average	 (RMA,	 Expression	 Console,	 Affymetrix)	
method	 first	 suggested	by	Li	and	Wong,	2001	 (Irizarry	
et	 al.,	 2003).	 Subsequent	 analysis	 of	 the	 gene	 expres-
sion	 data	 was	 carried	 out	 using	 R	 and	 Bioconductor	
(Gentleman	 et	 al.,	 2004;	 R	 Development	 Core	 Team,	
2014).	Differentially	expressed	genes	were	tested	using	
empirical	 Bayes	 moderated	 t	 test	 (eBayes)	 from	 the	
limma	 package	 (Gentleman	 et	 al.,	 2006;	 Smyth,	 2004),	
and	 corrected	 for	 multiple	 testing	 using	 false	 discov-
ery	 rate	 (FDR)	 (Benjamini,	 1995).	 High-	level	 analy-
sis	 was	 performed	 using	 Ingenuity	 Pathway	 Analysis	
(IPA,	QIAGEN	Redwood	City,	www.qiagen.com/ingen	
uity)	 and	 gene	 ontology	 enrichment	 analysis	 software	

http://www.ebi.ac.uk/arrayexpress/
http://www.ebi.ac.uk/arrayexpress/
http://www.qiagen.com/ingenuity
http://www.qiagen.com/ingenuity
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toolkit	 (GOEAST)	 (Zheng	 &	 Wang,	 2008).	 The	 dataset	
was	compared	with	in-	common	differentially	expressed	
genes	from	a	previous	comparison	of	six	models	of	AKI	
(Hultstrom	et	al.,	2018).	Significant	overlap	was	 tested	
using	the	exact	binomial	test	(Clopper	&	Pearson,	1934).	
The	Student's	t	test	was	performed	for	comparisons	be-
tween	surgery/no-	surgery	and	sterile/nonsterile,	respec-
tively,	as	these	experiments	were	performed	separately.	
Data	are	shown	as	boxplots	with	individual	data	points	
as	 overlay	 and	 tabled	 as	 (mean  ±  SEM).	 p  <  0.05	 was	
considered	 statistically	 significant.	 Statistical	 calcula-
tions	were	performed	in	R	version	3.3.1	(R	Development	
Core	Team,	2014).

3 	 | 	 RESULTS

3.1	 |	 Samples and RNA quality

For	 the	microarray	analysis,	12 samples	 from	rats	 that	
were	sacrificed	quickly	 (no-	surg)	and	12 samples	 from	
rats	 that	 underwent	 longer	 anesthesia	 and	 surgery	
(surg)	 were	 used.	 The	 surgery	 group	 involved	 a	 3–	4  h	
experiment	 involving	 major	 surgery	 followed	 by	 as-
sessment	 of	 renal	 autoregulation	 (surg)	 before	 sacri-
fice	 and	 tissue	 collection	 as	 described	 in	 detail	 in	 the	
original	paper	(Mitrou	et	al.,	2015).	Half	of	each	group	

were	 diabetic	 for	 4	 weeks	 before	 sacrifice	 (STZ).	 The	
average	 total	 RNA	 concentration	 was	 1336  ±  71  µg/nl	
with	good	purity	and	RNA	quality	with	a	RIN	average	
of	 7.69  ±  0.12.	 In	 the	 samples	 included	 in	 the	 micro-
array	 experiment	 there	 was	 a	 slight	 difference	 in	 RIN	
(no-	surg:	7.44 ± 0.17	and	surg:	8.15 ± 0.1).	There	were	
no	differences	in	RIN	between	STZ	and	no-	STZ	groups	
within	the	same	surgical	group.

3.2	 |	 Differential expression

There	 was	 no	 significant	 differential	 gene	 expression	
caused	by	4	weeks	of	STZ-	induced	diabetes,	while	many	
genes	 were	 changed	 by	 surgery	 whether	 rats	 were	 dia-
betic	 or	 not.	 There	 were	 2673	 differentially	 expressed	
genes	 between	 no-	surg	 and	 surg	 groups	 that	 were	 seen	
both	with	and	without	STZ.	When	filtering	by	fold	change	
larger	than	2	(i.e.,	absolute	Log2-	ratio	>1)	there	were	1127	
(p  =  5.6  ×  10−13,	 i.e.,	 the	 probability	 of	 randomly	 pick-
ing	 5759,	 and	 7074  genes	 out	 of	 29489	 and	 there	 being	
1127 genes	in-	common	between	the	two	picks)	and	1002	
in-	common	genes,	respectively	(p < 2.2 × 10−16).	Next,	the	
5759	differentially	expressed	genes	were	plotted	as	a	hierar-
chically	clustered	heatmap	across	all	samples.	This	clearly	
showed	that	all	samples	segregated	according	to	surgery,	
but	that	STZ	did	not	cause	any	visible	patterns	(Figure	1).

F I G U R E  1  Heatmap	and	hierarchical	
clustering	of	differentially	expressed	
genes	and	samples	showing	the	very	
substantial	difference	between	animals	
that	underwent	prolonged	surgery	(surg	
1,	n = 12),	compared	to	animals	that	are	
euthanized	quickly	(surg	0,	N = 12).	This	
difference	completely	over-	shadowed	any	
effect	of	streptozotocin-	induced	diabetes	
mellitus	(STZ	1	vs.	no-	STZ	0)
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3.3	 |	 Pathway analysis

In	order	to	investigate	the	function	of	the	identified	genes,	
the	dataset	was	imported	into	Ingenuity	Pathway	Analysis	
(IPA)	providing	pathway	information	on	19467 genes	 in	
total	 and,	 989	 of	 the	 in-	common	 genes.	 Pathway	 analy-
ses	were	performed	on	both	datasets	with	similar	top	hits	
indicating	 inflammatory	 responses.	 Five	 hundred	 and	
eighty-	eight	of	these	genes	could	be	connected	into	a	sin-
gle	network	that	had	several	prominent	regulatory	hubs	
such	 as	 the	 acute	 phase	 response	 regulators	 JUN,	 FOS,	
MYC,	 NFKB,	 IRF,	 STAT1,	 STAT3,	 PTGS2,	 NOS2,	 and	
many	others.

3.4	 |	 Gene ontology enrichment analysis

The	989	 in-	common	genes	 from	 the	comparison	of	 surg	
and	 no-	surg	 with	 or	 without	 diabetes	 were	 imported	 to	
GOEAST	as	gene	symbols,	which	produced	1446	enriched	

gene	ontology	terms	across	the	three	main	ontologies,	bio-
logical	process	(Table	1),	cellular	compartment	(Table	2),	
and	molecular	function	(Table	3).	Using	a	p < 0.001 limit	
for	enrichment,	biological	process	had	727,	cellular	com-
partment	had	28,	and	molecular	function	had	132 signifi-
cant	terms,	respectively.

3.5	 |	 Comparison with known AKI genes

In	order	 to	 focus	on	known	AKI	genes,	 the	data	were	
compared	 with	 in-	common	 genes	 for	 AKI	 models	
identified	 previously	 (Hultstrom	 et	 al.,	 2018).	 Out	 of	
the	connected	network	of	114 genes	in	that	study,	113	
were	 assayed	 in	 the	 presented	 dataset.	 Out	 of	 the	 in-	
common	 989	 differentially	 expressed	 genes	 that	 were	
found	in	both	STZ	and	no-	STZ	animals,	68	were	found	
in	 the	 published	 AKI	 network	 showing	 that	 gene	 sets	
share	common	central	features	(p < 2.2E-	16).	These	68	
include	 well-	known	 AKI	 markers	 such	 as	 lipocalin-	2	

GOID Term Level p

GO:0002376 Immune	system	process 1 1.31E−80

GO:0050896 Response	to	stimulus 1 3.82E−65

GO:0006955 Immune	response 2 1.21E−60

GO:0009607 Response	to	biotic	stimulus 2 1.49E−58

GO:0006950 Response	to	stress 2 3.91E−46

GO:0051707 Response	to	other	organism 3 8.36E−61

GO:0006952 Defense	response 3 4.86E−53

GO:0009611 Response	to	wounding 3 5.46E−51

GO:0001817 Regulation	of	cytokine	production 4 1.65E−52

GO:0034097 Response	to	cytokine	stimulus 4 8.51E−46

Note: Top	hits	in	the	gene	ontology	for	biological	process	out	of	727	enriched	terms	(p < 0.01)	based	on	
the	differential	expression	from	microarray	experiments	comparing	prolonged	surgery	(n = 12)	to	quick	
euthanasia	(n = 12)	and	analyzed	using	empirical	Bayes	and	corrected	using	the	false	discovery	rate.

T A B L E  1 	 Gene	ontology—	biological	
process

GOID Term Level p

GO:0005576 Extracellular	region 1 5.45E−22

GO:0016020 Membrane 1 1.21E−10

GO:0044421 Extracellular	region	part 2 4.88E−24

GO:0005615 Extracellular	space 3 3.11E−32

GO:0071944 Cell	periphery 3 1.37E−19

GO:0009986 Cell	surface 3 1.08E−16

GO:0005886 Plasma	membrane 4 2.44E−16

GO:0044459 Plasma	membrane	part 5 2.56E−12

GO:0009897 External	side	of	plasma	membrane 6 1.50E−12

GO:0042612 MHC	class	I	protein	complex 7 2.73E−12

Note: Top	hits	in	the	gene	ontology	for	Cellular	Component	out	of	28	enriched	terms	(p < 0.01)	based	on	
the	differential	expression	from	microarray	experiments	comparing	prolonged	surgery	(n = 12)	to	quick	
euthanasia	(n = 12)	and	analyzed	using	empirical	Bayes	and	corrected	using	the	false	discovery	rate.

T A B L E  2 	 Gene	ontology—	cellular	
component
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(LCN2	 or	 NGAL)	 indicating	 renal	 stress	 or	 incipient	
AKI.	The	in-	common	genes	also	include	the	most	well-	
connected	 genes	 in	 both	 datasets	 MYC,	 STAT3	 of	 the	
nuclear	 genes,	 cyclooxygenase	 2	 (PTGS2)	 and	 heme	
oxygenase	1	(HMOX1)	in	the	cytosol	and	the	interferon	
inducible,	chemokine	ligand	10	(CXCL10)	in	the	extra-
cellular	region.	This	may	indicate	that	part	of	the	gene	
activation	 seen	 in	 AKI,	 and	 presumably	 connected	 to	
tissue	damage,	is	already	activated	by	surgical	trauma,	
without	direct	renal	injury.	Of	the	68	in-	common	genes,	
19	 could	 be	 connected	 in	 a	 regulatory	 network	 that	
may	be	 important	 for	AKI	priming	 in	surgical	 trauma	
(Figure	2).

3.6	 |	 Quantitative real- time 
PCR validation

Selected	genes	indicative	of	activation	of	different	immune	
cell	 lineages	 were	 confirmed	 using	 quantitative	 real-	time	
PCR	(Figure	3).	Notably,	the	expression	of	Ccr4	(Th1)	and	
Cxcr3	(Th2)	was	reduced	after	surgery	while	the	expression	
of	the	macrophage	marker	Cd14 significantly	increased.	In	
addition,	Nos2	which	is	increased	in	activated	macrophages	
was	also	higher	in	the	surgery	group.	Other	genes	involved	
in	inflammation	(Nos3	and	Ptgs2)	as	well	as	Gja1	were	in-
creased	in	the	surgery	group.	Surgery	had	minimal	effect	on	
the	expression	of	Gja4	and	Itfg1.	This	collectively	indicates	

GOID Term Level p

GO:0004872 Receptor	activity 1 1.19E−15

GO:0005515 Protein	binding 2 1.96E−14

GO:0003700 Sequence-	specific	DNA-	binding	
transcription	factor	activity

2 2.56E−13

GO:0005102 Receptor	binding 3 3.23E−19

GO:0005125 Cytokine	activity 4 4.75E−27

GO:0005126 Cytokine	receptor	binding 4 7.98E−25

GO:0004896 Cytokine	receptor	activity 5 9.00E−21

GO:0042379 Chemokine	receptor	binding 5 2.85E−16

GO:0004830 Tryptophan-	tRNA	ligase	activity 6 8.97E−18

GO:0008009 Chemokine	activity 6 4.18E−16

Note: Top	hits	from	the	gene	ontology	molecular	function	out	of	132 significantly	enriched	terms	
(p < 0.01)	based	on	the	differential	expression	from	microarray	experiments	comparing	prolonged	
surgery	(n = 12)	to	quick	euthanasia	(n = 12)	and	analyzed	using	empirical	Bayes	and	corrected	using	the	
false	discovery	rate.

T A B L E  3 	 Gene	ontology—	molecular	
function

F I G U R E  2  Connected	network	of	
genes	that	are	both	part	of	the	588-	gene	
network	in	the	present	investigation	and	
are	previously	found	to	be	in-	common	
for	experimental	models	of	AKI.	This	
indicates	that	surgery	without	direct	renal	
insult	activates	similar	genetic	programs	
as	those	seen	in	other	forms	of	AKI
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F I G U R E  3  Change	in	gene	expression	by	QRTPCR	after	surgery	with	prolonged	anesthesia	(no-	surgery,	n = 12)	and	(surgery,	n = 15).	
Data	are	expressed	as	CT–	CT	for	18S	RNA.	*Indicates	p < 0.05	in	comparison	to	no-	surgery	group	by	the	Student's	t	test
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that	 macrophages	 may	 be	 activated,	 and	 that	 T	 cells	 and	
neutrophils	 are	 less	 likely	 to	 be	 involved.	 QRTPCR	 data	
correlated	well	 to	microarray	data	(Figure	4),	which	vali-
dates	both	the	mRNA	expressions	found	in	our	dataset	and	
the	hypothesis	of	immune	cell	activation.

3.7	 |	 Immunohistochemistry

Interestingly,	CD45	immunohistochemistry	did	not	show	
an	 increased	 number	 of	 total	 leukocytes	 in	 the	 kidneys.	
As	 expected	 from	 the	 microarray	 analysis,	 CD3-	positive	
T	cells	 showed	very	 low	expressions	but	 showed	no	dif-
ference	 between	 groups.	 Finally,	 CD68	 did	 not	 identify	
an	increased	number	of	macrophages	in	the	kidneys	after	
prolonged	 surgery	 indicating	 that	 the	 increased	 expres-
sion	 of	 macrophage	 markers	 is	 related	 to	 activation	 of	
resident	cells	(Figure	5).

3.8	 |	 Sterile experiments

In	the	follow-	up	experiments	comparing	fully	sterile	sur-
gery	 with	 the	 aseptic	 technique	 which	 is	 standard	 pro-
cedure	 for	 acute	 experiments	 in	 rats	 we	 found	 that	 the	
marker	 genes	 for	 inflammatory	 cells	 were	 not	 different	
between	the	groups	(Table	4).	However,	Gja1	was	lower	
in	sterile	conditions,	and	Nos3	was	higher,	which	may	in-
dicate	a	difference	in	endothelial	activation.

4 	 | 	 DISCUSSION

The	major	finding	of	the	present	study	is	that	macrophages	
are	likely	activated	in	the	kidney	after	prolonged	surgery	

with	 anesthesia,	 but	 without	 direct	 renal	 insult	 or	 overt	
AKI.	Both	microarray	and	qPCR	data	showed	substantial	
changes	in	renal	gene	expression	after	surgery.	Significant	

F I G U R E  4  Correlation	of	group-	wise	differential	expression	
is	analyzed	using	eBayes	and	corrected	by	the	false	discovery	
rate	by	PCR	and	microarray.	Each	point	represents	one	gene	that	
is	investigated	both	in	the	microarray	and	by	quantitative	PCR.	
Pearson's	correlation	is	reported

F I G U R E  5  Quantification	of	renal	immune	cells	by	
immunohistochemistry.	A:	CD45-	positive	lymphocytes	in	rats	
that	are	killed	quickly	(n = 4),	compared	to	rats	that	underwent	
surgery	(n = 4).	B:	CD3-	positive	T	cells	in	rats	that	are	killed	
quickly	(n = 6)	(n = 4).	C:	CD68-	positive	macrophages	in	rats	that	
are	killed	quickly	(n = 6)	compared	to	rats	that	underwent	surgery	
(n = 4).	Show	no	convincing	accumulation	of	immune	cells	after	
long-	term	surgery
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difference	 was	 found	 between	 surgery	 and	 no-	surgery	
groups.	No	additional	effect	could	be	detected	in	insulin-	
treated	diabetic	animals.

The	 higher	 level	 of	 CD14	 in	 the	 surgery	 group	 sug-
gested	 an	 increasing	 number	 of	 macrophages	 or	 mono-
cytes,	while	the	T-	cell	markers	Cxcr3	and	Ccr4	were	both	
reduced	after	surgery	(Imai	et	al.,	1999;	Qin	et	al.,	1998).	
Together,	 the	 data	 show	 that	 cell	 infiltration	 in	 kidney	
after	 surgery	 may	 be	 mainly	 macrophages	 and	 mono-
cytes,	 while	T	 helper	 cells	 are	 reduced	 or	 less	 activated.	
The	apparent	activation	of	monocytes	 is	consistent	with	
what	was	previously	observed	in	acute	kidney	injury,	but	
with	 actual	 kidney	 injury	T-	cell	 populations	 are	 also	 in-
creased	(Doi	et	al.,	2009).	One	study	using	 two	different	
AKI	models	showed	that	macrophages	infiltrate	into	the	
kidney	and	 that	 the	phenotype	of	macrophages	changes	
with	 time	 after	 surgical	 trauma.	 During	 the	 early	 stage,	
mainly	M1 macrophages	were	found	in	the	kidney	which	
tend	 to	 be	 pro-	inflammatory	 and	 destructive.	 However,	
macrophages	 can	 also	 promote	 fibrosis	 and	 the	 scarring	
process	in	kidney	by	switching	to	anti-	inflammatory	type	
M2  macrophages	 (Lv	 et	 al.,	 2017).	 Interestingly,	 distal	
surgical	 trauma	 has	 been	 found	 to	 induce	 macrophages	
infiltration	 across	 the	 blood–	brain	 barrier	 in	 mice	 after	
stabilized	tibial	 fracture	surgery,	suggesting	a	global	role	
of	 macrophage	 infiltration	 in	 postoperative	 organ	 dys-
function	(Terrando	et	al.,	2011).	This	 is	 in	line	with	pre-
vious	 literature	 showing	 the	 important	 role	 of	 immune	
cells	 in	AKI	in	various	experimental	models.	The	appar-
ent	reduction	in	T	cells	after	surgery	may	also	be	a	change	
that	predisposes	to	further	injury,	since	subpopulations	of	

T	cells	are	known	to	be	protective	and	important	 for	re-
covery	after	AKI	(Gharaie	Fathabad	et	al.,	2020).	Further	
studies	are	required	to	understand	if	this	early	infiltration	
of	macrophages	could	predispose	 the	kidneys	 to	 the	de-
velopment	of	postoperative	AKI	if	subjected	to	a	further	
insult.

In	addition	to	the	changes	most	probably	connected	to	
cell	infiltration,	surgical	trauma-	induced	changes	in	genes	
known	to	be	 involved	 in	 renal	vascular	 function,	 such	as	
Gja1	and	Nos3.	The	encoded	protein	of	Gja1 has	an	essen-
tial	role	in	gap	junction	communication,	but	may	also	be	in-
volved	in	transferring	antigens	between	antigen-	presenting	
cells	 and	 may	 thus	 be	 connected	 either	 to	 infiltration	 or	
early	vascular	changes	(Mazzini	et	al.,	2014;	Paznekas	et	al.,	
2003).	Interestingly,	the	expression	of	the	gap	junction	pro-
tein	 Gja4	 was	 not	 changed	 by	 surgery	 in	 the	 original	 ex-
periment,	but	 the	expression	differed	between	sterile	and	
nonsterile	surgery,	a	finding	that	is	hard	to	explain	mech-
anistically	and	may	be	of	interest	for	further	investigation.	
Nos3	or	eNos	is	expressed	in	endothelial	cells	and	regulates	
vascular	tone,	and	was	increased	in	the	surgery	group,	indi-
cating	early	changes	that	could	cause	dysregulation	of	vas-
cular	function	(Bauer	&	Sotníková,	2010).

The	results	demonstrate	that	surgical	trauma	and	pro-
longed	anesthesia	with	mechanical	ventilation	have	pro-
nounced	effects	on	renal	gene	expression,	which	need	to	
be	kept	in	mind	when	measuring	the	change	in	renal	gene	
expression	after	any	invasive	procedure.	Furthermore,	the	
microarray	data	showed	that	a	large	number	of	biological	
processes	are	implicated	in	the	genetic	response	to	surgi-
cal	trauma	and	that	these	are	at	least	in	part	similar	to	the	
genetic	effects	of	AKI	(Hultstrom	et	al.,	2018).	Therefore,	
in	 future	 physiological	 studies	 we	 need	 to	 specify	 if	 the	
observed	effect	is	from	experimental	procedure	or	surgical	
trauma	itself.

It	is	important	to	note	that	this	model	does	not	fulfill	the	
clinical	AKI	criteria.	Renal	blood	flow,	was	investigated	in	
the	original	publication	(Mitrou	et	al.,	2015),	and	urine	pro-
duction	and	glomerular	filtration	rate	have	been	published	
previously	(Lau	et	al.,	2009).	However,	the	comparison	to	
previously	known	AKI	genes	showed	increased	expression	
of	lipocalin-	2	(LCN2),	in	the	AKI	field	often	referred	to	as	
neutrophil	gelatinase-	associated	 lipocalin	 (NGAL),	which	
may	indicate	early	renal	tissue	injury	(Mishra	et	al.,	2003)	
or	 an	 epithelial	 stress	 response	 (Fahling	 et	 al.,	 2019).	 It	
should	be	noted	that	LCN2	can	also	be	released	from	ac-
tivated	neutrophils,	although	other	markers	of	neutrophil	
activation	were	not	prominently	upregulated,	and	inflam-
matory	cell	numbers	were	not	increased	in	total.

To	evaluate	the	effect	of	surgery,	the	resident	immune	cell	
in	the	kidney	under	normal	physiological	conditions	needs	
to	 be	 identified.	 In	 healthy	 kidney,	 the	 resident	 immune	
cells	 are	 mainly	 dendritic	 cells	 (DCs)	 and	 macrophages,	

T A B L E  4 	 Sterile	versus	non-	sterile	surgery

Gene Ct– Ct Sterile
Ct– Ct 
Non- sterile p value

Ccr4 23.65 ± 0.42 23.44 ± 0.25 0.5698

Cd14 17.38 ± 0.32 16.53 ± 0.30 0.798

Cxcr3 20.60 ± 0.57 20.86 ± 0.57 0.404654

Gja1 17.21 ± 0.29 16.80 ± 0.58 0.0231*

Gja4 17.66 ± 0.46 16.95 ± 0.27 0.493

Itfg1 16.93 ± 0.26 16.92 ± 0.18 0.441

Ly6g6c 19.70 ± 0.44 20.49 ± 0.31 0.377994

Nos2 19.65 ± 0.38 19.54 ± 0.48 0.1906

Nos3 15.87 ± 0.34 16.92 ± 0.27 0.000705*

Ptgs2 17.11 ± 0.33 17.75 ± 0.66 0.798

Note: Differences	in	gene	expression	between	rats	that	underwent	
prolonged	anesthesia	and	surgery	under	sterile	(n = 4)	and	non-	sterile	
(n = 4)	conditions	showing	minor	differences	compared	to	the	differential	
expressions	seen	comparing	surgery	to	no-	surgery.	Data	were	normalized	
to	a	housekeeping	gene	(18s	RNA)	and	presented	as	Ct–	Ct	value.	A	smaller	
CT–	CT	value	represents	higher	relative	gene	expression.	All	data	are	
presented	as	mean ± SEM.
*Indicates	p < 0.05	in	comparison	to	sterile	group	by	the	Student's	t	test.
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together	 they	compose	the	renal	mononuclear	phagocytic	
system,	 which	 plays	 a	 central	 role	 in	 kidney	 homeostasis	
(Nelson	et	al.,	2012).	Both	cell	types	have	high	expression	
of	pattern	recognition	receptors	and	are	involved	in	innate	
and	adaptive	immune	response	in	defense	against	infection.	
During	surgery,	macrophages	appear	to	be	rapidly	activated	
or	 recruited	 by	 pro-	inflammatory	 chemokines.	 Therefore,	
in	situ	imaging	studies	with	long	preparatory	invasive	pro-
cedures	could	be	particularly	prone	 to	overestimating	 the	
normal	renal	immune	cell	population.

A	second	question	that	we	address	in	the	present	study	
is	the	effect	of	bacterial	contamination	during	surgery	on	
renal	gene	expression	and	immune	cell	infiltration.	In	the	
clinical	 setting,	 sepsis	 is	 the	 main	 cause	 of	 AKI	 among	
intensive	 care	 patients	 (Uchino	 et	 al.,	 2005).	 Bacterial	
contamination	could	be	introduced	by	non-	sterile	proce-
dures	(Chelemer	et	al.,	2002;	Triulzi	et	al.,	1992).	There	
were	few	differences	between	the	sterile	and	non-	sterile	
groups	 that	 were	 performed	 in	 parallel	 that	 may	 indi-
cate	some	effect	on	endothelial	cells.	However,	the	ster-
ile	 and	 non-	sterile	 groups	 were	 generally	 similar	 to	 the	
surgery	group	of	 the	microarray	study	indicating	that	 it	
is	indeed	prolonged	anesthesia	and	surgical	trauma	that	
induce	 the	 gene	 expression	 changes,	 and	 not	 bacterial	
contamination.	STZ	diabetes	has	been	shown	 to	 induce	
gene	expression	changes	in	various	models	and	the	rea-
son	they	are	not	significant	in	the	present	study	may	be	
related	to	differences	in	the	diabetic	models	with	regard	
to	insulin	treatment	and	hyperglycemia	as	well	as	the	rel-
atively	modest	changes	compared	to	the	effect	of	surgery	
and	 anesthesia.	 Finally,	 anesthesia	 may	 be	 a	 direct	 risk	
factor	 for	kidney	 injury.	Anesthesia	 is	known	 to	 reduce	
cardiac	output	and	total	peripheral	resistance,	as	well	as	
renal	blood	flow	(Papper	&	Ngai,	1956).	However,	these	
effects	cannot	be	separated	 from	the	surgical	 trauma	 in	
the	current	study.

In	 conclusion,	 surgical	 trauma	 and	 long-	term	 an-
esthesia	 without	 direct	 kidney	 injury	 are	 associated	
with	 marked	 changes	 in	 renal	 gene	 expression	 likely	
connected	to	monocyte	or	macrophage	activation.	This	
may	 make	 the	 kidneys	 more	 prone	 to	 develop	 AKI	
upon	further	insult	and	may	provide	some	explanation	
for	 the	 increased	 risk	 for	 AKI	 in	 patients	 undergoing	
surgery.

ACKNOWLEDGMENT
Microarray	 experiments	 were	 performed	 at	 the	 Array	
and	 Analysis	 Facility,	 Science	 for	 Life	 Laboratory	 at	
Uppsala	 Biomedical	 Center	 (BMC),	 Uppsala	 university,	
Husargatan	3,	751	23	Uppsala.

CONFLICT OF INTEREST
The	authors	declare	no	conflict	of	interest.

AUTHOR CONTRIBUTIONS
NM	and	MH	conceived	the	study.	All	authors	participated	
in	 design	 and	 planning.	 MH,	 DP,	 MBA,	 CGC,	 and	 NM	
performed	 the	 experiments.	 All	 authors	 participated	 in	
data	analysis	and	interpretation.	MH	and	DP	drafted	the	
manuscript.	All	authors	edited	 the	manuscript	 for	 intel-
lectual	content	and	approved	the	final	version.

DATA AVAILABILITY STATEMENT
The	microarray	dataset	is	available	at	Array	Express	with	
accession	number:	E-	MTAB-	3661	(http://www.ebi.ac.uk/
array	expre	ss/).	All	other	data	are	presented	 in	 the	man-
uscript	 and	 available	 from	 the	 authors	 upon	 reasonable	
request.

ORCID
Michael Hultström  	https://orcid.
org/0000-0003-4675-1099	

REFERENCES
Bauer,	 V.,	 &	 Sotníková,	 R.	 (2010).	 Nitric	 oxide—	the	 endothelium-	

derived	 relaxing	 factor	 and	 its	 role	 in	 endothelial	 functions.	
General Physiology and Biophysics,	 29,	 319–	340.	 https://doi.
org/10.4149/gpb_2010_04_319

Bell,	S.,	Dekker,	F.	W.,	Vadiveloo,	T.,	Marwick,	C.,	Deshmukh,	H.,	
Donnan,	 P.	 T.,	 &	 Van	 Diepen,	 M.	 (2015).	 Risk	 of	 postopera-
tive	 acute	 kidney	 injury	 in	 patients	 undergoing	 orthopaedic	
surgery—	development	and	validation	of	a	risk	score	and	effect	
of	acute	kidney	injury	on	survival:	observational	cohort	study.	
BMJ,	351,	h5639.

Benjamini,	 Y.	 H.	 Y.	 (1995).	 Controlling	 the	 false	 discovery	 rate:	 a	
practical	and	powerful	approach	to	multiple	testing.	Journal of 
the Royal Statistical Society Series B,	289-	300.

Bonventre,	J.	V.,	&	Yang,	L.	(2011).	Cellular	pathophysiology	of	isch-
emic	acute	kidney	injury.	The Journal of Clinical Investigation,	
121,	4210–	4221.	https://doi.org/10.1172/JCI45161

Chelemer,	S.	B.,	Prato,	B.	S.,	Cox,	P.	M.,	O’Connor,	G.	T.,	&	Morton,	
J.	R.	(2002).	Association	of	bacterial	infection	and	red	blood	cell	
transfusion	after	coronary	artery	bypass	surgery.	The Annals of 
Thoracic Surgery,	 73,	 138–	142.	 https://doi.org/10.1016/S0003	
-	4975(01)03308	-	2

Chertow,	G.	M.,	Burdick,	E.,	Honour,	M.,	Bonventre,	J.	V.,	&	Bates,	D.	W.	
(2005).	Acute	kidney	injury,	mortality,	length	of	stay,	and	costs	in	
hospitalized	patients.	Journal of the American Society of Nephrology,	
16,	3365–	3370.	https://doi.org/10.1681/ASN.20040	90740

Clopper,	C.	J.,	&	Pearson,	E.	S.	(1934).	The	use	of	confidence	or	fidu-
cial	limits	illustrated	in	the	case	of	the	binomial.	Biometrika,	26,	
404–	413.	https://doi.org/10.1093/biome	t/26.4.404

Dasta,	 J.	 F.,	 Kane-	Gill,	 S.	 L.,	 Durtschi,	 A.	 J.,	 Pathak,	 D.	 S.,	 &	
Kellum,	 J.	 A.	 (2008).	 Costs	 and	 outcomes	 of	 acute	 kidney	
injury	 (AKI)	 following	 cardiac	 surgery.	 Nephrology Dialysis 
Transplantation,	23,	1970–	1974.	https://doi.org/10.1093/ndt/
gfm908

Doi,	 K.,	 Leelahavanichkul,	 A.,	 Yuen,	 P.	 S.,	 &	 Star,	 R.	 A.	 (2009).	
Animal	models	of	sepsis	and	sepsis-	induced	kidney	injury.	The 
Journal of Clinical Investigation,	 119,	 2868-	2878.	 https://doi.
org/10.1172/JCI39421

http://www.ebi.ac.uk/arrayexpress/
http://www.ebi.ac.uk/arrayexpress/
https://orcid.org/0000-0003-4675-1099
https://orcid.org/0000-0003-4675-1099
https://orcid.org/0000-0003-4675-1099
https://doi.org/10.4149/gpb_2010_04_319
https://doi.org/10.4149/gpb_2010_04_319
https://doi.org/10.1172/JCI45161
https://doi.org/10.1016/S0003-4975(01)03308-2
https://doi.org/10.1016/S0003-4975(01)03308-2
https://doi.org/10.1681/ASN.2004090740
https://doi.org/10.1093/biomet/26.4.404
https://doi.org/10.1093/ndt/gfm908
https://doi.org/10.1093/ndt/gfm908
https://doi.org/10.1172/JCI39421
https://doi.org/10.1172/JCI39421


   | 11 of 12HULTSTRÖM et al.

Fahling,	M.,	Paliege,	A.,	Jonsson,	S.,	Becirovic-	Agic,	M.,	Melville,	
J.	 M.,	 Skogstrand,	 T.,	 &	 Hultstrom,	 M.	 (2019).	 NFAT5	 reg-
ulates	 renal	 gene	 expression	 in	 response	 to	 angiotensin	 II	
through	 Annexin-	A2-	mediated	 posttranscriptional	 regu-
lation	 in	 hypertensive	 rats.	 American Journal of Physiology 
Renal Physiology,	 316,	 F101–	F112.	 https://doi.org/10.1152/
ajpre	nal.00361.2018

Fidalgo,	 A.	 R.,	 Cibelli,	 M.,	White,	 J.	 P.,	 Nagy,	 I.,	 Maze,	 M.,	 &	 Ma,	
D.	 (2011).	 Systemic	 inflammation	 enhances	 surgery-	induced	
cognitive	dysfunction	in	mice.	Neuroscience Letters,	498,	63–	66.	
https://doi.org/10.1016/j.neulet.2011.04.063

Gentleman,	 R.	 C.,	 Carey,	 V.	 J.,	 Bates,	 D.	 M.,	 Bolstad,	 B.,	 Dettling,	
M.,	Dudoit,	S.,	Ellis,	B.,	Gautier,	L.,	Ge,	Y.,	&	Gentry,	J.	(2004).	
Bioconductor:	 open	 software	 development	 for	 computational	
biology	and	bioinformatics.	Genome Biology,	5,	R80.

Gentleman,	R.,	Carey,	V.,	Huber,	W.,	Irizarry,	R.,	&	Dudoit,	S.	(2006).	
Bioinformatics and computational biology solutions using R and 
Bioconductor.	Springer	Science	&	Business	Media.

Gharaie	 Fathabad,	 S.,	 Kurzhagen,	 J.	 T.,	 Sadasivam,	 M.,	 Noel,	 S.,	
Bush,	E.,	Hamad,	A.	R.	A.,	&	Rabb,	H.	(2020).	T	lymphocytes	
in	acute	kidney	injury	and	repair.	Seminars in Nephrology,	40,	
114–	125.	https://doi.org/10.1016/j.semne	phrol.2020.01.003

Hultstrom,	M.,	Becirovic-	Agic,	M.,	&	Jonsson,	S.	(2018).	Comparison	
of	acute	kidney	injury	of	different	etiology	reveals	in-	common	
mechanisms	of	tissue	damage.	Physiological Genomics,	50,	127–	
141.	https://doi.org/10.1152/physi	olgen	omics.00037.2017

Imai,	T.,	Nagira,	M.,	Takagi,	S.,	Kakizaki,	M.,	Nishimura,	M.,	Wang,	
J.,	Gray,	P.	W.,	Matsushima,	K.,	&	Yoshie,	O.	(1999).	Selective	
recruitment	 of	 CCR4-	bearing	 Th2	 cells	 toward	 antigen-	
presenting	cells	by	the	CC	chemokines	thymus	and	activation-	
regulated	 chemokine	 and	 macrophage-	derived	 chemokine.	
International Immunology,	11,	81–	88.	https://doi.org/10.1093/
intim	m/11.1.81

Irizarry,	R.	A.,	Hobbs,	B.,	Collin,	F.,	Beazer-	Barclay,	Y.	D.,	Antonellis,	
K.	J.,	Scherf,	U.,	&	Speed,	T.	P.	(2003).	Exploration,	normaliza-
tion,	and	summaries	of	high	density	oligonucleotide	array	probe	
level	 data.	 Biostatistics,	 4,	 249–	264.	 https://doi.org/10.1093/
biost	atist	ics/4.2.249

Jang,	H.	R.,	&	Rabb,	H.	(2015).	Immune	cells	in	experimental	acute	
kidney	injury.	Nature Reviews Nephrology,	11,	88–	101.	https://
doi.org/10.1038/nrneph.2014.180

Lagny,	 M.-	G.,	 Jouret,	 F.,	 Koch,	 J.-	N.,	 Blaffart,	 F.,	 Donneau,	 A.-	F.,	
Albert,	 A.,	 Roediger,	 L.,	 Krzesinski,	 J.-	M.,	 &	 Defraigne,	 J.-	O.	
(2015).	 Incidence	 and	 outcomes	 of	 acute	 kidney	 injury	 after	
cardiac	 surgery	 using	 either	 criteria	 of	 the	 RIFLE	 classifica-
tion.	 BMC Nephrology,	 16,	 76.	 https://doi.org/10.1186/s1288	
2-	015-	0066-	9

Lau,	 C.,	 Sudbury,	 I.,	Thomson,	 M.,	 Howard,	 P.	 L.,	 Magil,	 A.	 B.,	 &	
Cupples,	 W.	 A.	 (2009).	 Salt-	resistant	 blood	 pressure	 and	 salt-	
sensitive	 renal	 autoregulation	 in	 chronic	 streptozotocin	 dia-
betes.	 American Journal of Physiology: Regulatory, Integrative 
and Comparative Physiology,	 296,	 R1761–	1770.	 https://doi.
org/10.1152/ajpre	gu.90731.2008

Li,	C.,	&	Wong,	W.	H.	 (2001).	Model-	based	analysis	of	oligonucle-
otide	arrays:	expression	 index	computation	and	outlier	detec-
tion.	Proceedings of the National Academy of Sciences,	98,	31–	36.

Lv,	L.	L.,	Tang,	P.	M.,	Li,	C.	 J.,	You,	Y.	K.,	Li,	 J.,	Huang,	X.	R.,	Ni,	
J.,	Feng,	M.,	Liu,	B.	C.,	&	Lan,	H.	Y.	 (2017).	The	pattern	 rec-
ognition	 receptor,	 Mincle,	 is	 essential	 for	 maintaining	 the	
M1	 macrophage	 phenotype	 in	 acute	 renal	 inflammation.	

Kidney International,	 91,	 587–	602.	 https://doi.org/10.1016/j.
kint.2016.10.020

Mao,	 H.,	 Katz,	 N.,	 Ariyanon,	 W.,	 Blanca-	Martos,	 L.,	 Adýbelli,	 Z.,	
Giuliani,	A.,	Danesi,	T.	H.,	Kim,	J.	C.,	Nayak,	A.,	&	Neri,	M.	(2013).	
Cardiac	 surgery-	associated	 acute	 kidney	 injury.	 Cardiorenal 
Medicine,	3,	178–	199.	https://doi.org/10.1159/00035	3134

Mazzini,	 E.,	 Massimiliano,	 L.,	 Penna,	 G.,	 &	 Rescigno,	 M.	 (2014).	
Oral	 tolerance	can	be	established	via	gap	 junction	transfer	of	
fed	 antigens	 from	 CX3CR1+	 macrophages	 to	 CD103+	 den-
dritic	 cells.	 Immunity,	 40,	 248–	261.	 https://doi.org/10.1016/j.
immuni.2013.12.012

Mishra,	 J.,	 Ma,	 Q.,	 Prada,	 A.,	 Mitsnefes,	 M.,	 Zahedi,	 K.,	 Yang,	 J.,	
Barasch,	 J.,	 &	 Devarajan,	 P.	 (2003).	 Identification	 of	 neu-
trophil	 gelatinase-	associated	 lipocalin	 as	 a	 novel	 early	 uri-
nary	 biomarker	 for	 ischemic	 renal	 injury.	 Journal of the 
American Society of Nephrology,	 14,	 2534–	2543.	 https://doi.
org/10.1097/01.ASN.00000	88027.54400.C6

Mitrou,	N.,	Morrison,	S.,	Mousavi,	P.,	Braam,	B.,	&	Cupples,	W.	A.	
(2015).	 Transient	 impairment	 of	 dynamic	 renal	 autoregula-
tion	 in	 early	 diabetes	 mellitus	 in	 rats.	 American Journal of 
Physiology- Regulatory, Integrative and Comparative Physiology,	
309,	R892–	R901.	https://doi.org/10.1152/ajpre	gu.00247.2015

Nelson,	 P.	 J.,	 Rees,	 A.	 J.,	 Griffin,	 M.	 D.,	 Hughes,	 J.,	 Kurts,	 C.,	 &	
Duffield,	J.	(2012).	The	renal	mononuclear	phagocytic	system.	
Journal of the American Society of Nephrology,	 23,	 194–	203.	
https://doi.org/10.1681/ASN.20110	70680

Papper,	 E.,	 &	 Ngai,	 S.	 (1956).	 Kidney	 function	 during	 anesthesia.	
Annual Review of Medicine,	7,	213–	224.	https://doi.org/10.1146/
annur	ev.me.07.020156.001241

Paznekas,	W.	A.,	Boyadjiev,	S.	A.,	Shapiro,	R.	E.,	Daniels,	O.,	Wollnik,	B.,	
Keegan,	C.	E.,	Innis,	J.	W.,	Dinulos,	M.	B.,	Christian,	C.,	&	Hannibal,	
M.	C.	(2003).	Connexin	43	(GJA1)	mutations	cause	the	pleiotropic	
phenotype	of	oculodentodigital	dysplasia.	The American Journal of 
Human Genetics,	72,	408–	418.	https://doi.org/10.1086/346090

Qin,	S.,	Rottman,	J.	B.,	Myers,	P.,	Kassam,	N.,	Weinblatt,	M.,	Loetscher,	
M.,	Koch,	A.	E.,	Moser,	B.,	&	Mackay,	C.	R.	(1998).	The	chemo-
kine	receptors	CXCR3	and	CCR5	mark	subsets	of	T	cells	asso-
ciated	with	certain	 inflammatory	 reactions.	Journal of Clinical 
Investigation,	101,	746.	https://doi.org/10.1172/JCI1422

Rewa,	 O.,	 &	 Bagshaw,	 S.	 M.	 (2014).	 Acute	 kidney	 injury	 [mdash]	
epidemiology,	 outcomes	 and	 economics.	 Nature Reviews 
Nephrology,	10,	193–	207.

Rosolowsky,	 E.	 T.,	 Niewczas,	 M.	 A.,	 Ficociello,	 L.	 H.,	 Perkins,	 B.	
A.,	Warram,	J.	H.,	&	Krolewski,	A.	S.	 (2008).	Between	hyper-
filtration	and	impairment:	demystifying	early	renal	functional	
changes	in	diabetic	nephropathy.	Diabetes Research and Clinical 
Practice,	82,	S46–	S53.

Sima,	C.	A.,	Koeners,	M.	P.,	Joles,	J.	A.,	Braam,	B.,	Magil,	A.	B.,	&	
Cupples,	W.	A.	(2012).	Increased	susceptibility	to	hypertensive	
renal	disease	in	streptozotocin-	treated	diabetic	rats	is	not	mod-
ulated	by	salt	 intake.	Diabetologia,	55,	2246–	2255.	https://doi.
org/10.1007/s0012	5-	012-	2569-	2

Smyth,	 G.	 K.	 (2004).	 Linear	 models	 and	 empirical	 bayes	 methods	
for	assessing	differential	expression	in	microarray	experiments.	
Statistical Applications in Genetics and Molecular Biology,	3,	3.	
https://doi.org/10.2202/1544-	6115.1027

R	Development	Core	Team.	 (2014).	R: A language and environment 
for statistical computing.	R	Foundation	for	Statistical	Computing.

Terrando,	 N.,	 Eriksson,	 L.	 I.,	 Kyu	 Ryu,	 J.,	 Yang,	 T.,	 Monaco,	 C.,	
Feldmann,	M.,	Jonsson	Fagerlund,	M.,	Charo,	I.	F.,	Akassoglou,	

https://doi.org/10.1152/ajprenal.00361.2018
https://doi.org/10.1152/ajprenal.00361.2018
https://doi.org/10.1016/j.neulet.2011.04.063
https://doi.org/10.1016/j.semnephrol.2020.01.003
https://doi.org/10.1152/physiolgenomics.00037.2017
https://doi.org/10.1093/intimm/11.1.81
https://doi.org/10.1093/intimm/11.1.81
https://doi.org/10.1093/biostatistics/4.2.249
https://doi.org/10.1093/biostatistics/4.2.249
https://doi.org/10.1038/nrneph.2014.180
https://doi.org/10.1038/nrneph.2014.180
https://doi.org/10.1186/s12882-015-0066-9
https://doi.org/10.1186/s12882-015-0066-9
https://doi.org/10.1152/ajpregu.90731.2008
https://doi.org/10.1152/ajpregu.90731.2008
https://doi.org/10.1016/j.kint.2016.10.020
https://doi.org/10.1016/j.kint.2016.10.020
https://doi.org/10.1159/000353134
https://doi.org/10.1016/j.immuni.2013.12.012
https://doi.org/10.1016/j.immuni.2013.12.012
https://doi.org/10.1097/01.ASN.0000088027.54400.C6
https://doi.org/10.1097/01.ASN.0000088027.54400.C6
https://doi.org/10.1152/ajpregu.00247.2015
https://doi.org/10.1681/ASN.2011070680
https://doi.org/10.1146/annurev.me.07.020156.001241
https://doi.org/10.1146/annurev.me.07.020156.001241
https://doi.org/10.1086/346090
https://doi.org/10.1172/JCI1422
https://doi.org/10.1007/s00125-012-2569-2
https://doi.org/10.1007/s00125-012-2569-2
https://doi.org/10.2202/1544-6115.1027


12 of 12 |   HULTSTRÖM et al.

K.,	 &	 Maze,	 M.	 (2011).	 Resolving	 postoperative	 neuroinflam-
mation	 and	 cognitive	 decline.	 Annals of Neurology,	 70,	 986–	
995.	https://doi.org/10.1002/ana.22664

Terrando,	 N.,	 Monaco,	 C.,	 Ma,	 D.,	 Foxwell,	 B.	 M.,	 Feldmann,	 M.,	
&	 Maze,	 M.	 (2010).	 Tumor	 necrosis	 factor-	alpha	 triggers	 a	
cytokine	 cascade	 yielding	 postoperative	 cognitive	 decline.	
Proceedings of the National Academy of Sciences of the United 
States of America,	107,	20518–	20522.

Triulzi,	 D.,	Vanek,	 K.,	 Ryan,	 D.,	 &	 Blumberg,	 N.	 (1992).	 A	 clin-
ical	 and	 immunologic	 study	 of	 blood	 transfusion	 and	 post-
operative	 bacterial	 infection	 in	 spinal	 surgery.	 Transfusion,	
32,	517–	524.	https://doi.org/10.1046/j.1537-	2995.1992.32692	
367194.x

Uchino,	S.,	Kellum,	J.	A.,	Bellomo,	R.,	Doig,	G.	S.,	Morimatsu,	H.,	
Morgera,	 S.,	 Schetz,	 M.,	 Tan,	 I.,	 Bouman,	 C.,	 &	 Macedo,	 E.	
(2005).	Acute	renal	failure	in	critically	ill	patients:	a	multina-
tional,	multicenter	study.	JAMA,	294,	813–	818.

Wan,	 Y.,	 Xu,	 J.,	 Ma,	 D.,	 Zeng,	 Y.,	 Cibelli,	 M.,	 &	 Maze,	 M.	 (2007).	
Postoperative	impairment	of	cognitive	function	in	ratsa	possible	
role	for	cytokine-	mediated	inflammation	in	the	hippocampus.	

The Journal of the American Society of Anesthesiologists,	 106,	
436–	443.	https://doi.org/10.1097/00000	542-	20070	3000-	00007

Zatz,	R.,	Dunn,	B.	R.,	Meyer,	T.	W.,	Anderson,	S.,	Rennke,	H.	G.,	&	
Brenner,	B.	M.	 (1986).	Prevention	of	diabetic	glomerulopathy	
by	 pharmacological	 amelioration	 of	 glomerular	 capillary	 hy-
pertension.	Journal of Clinical Investigation,	77,	1925.	https://
doi.org/10.1172/JCI11	2521

Zheng,	 Q.,	 &	 Wang,	 X.-	J.	 (2008).	 GOEAST:	 a	 web-	based	 software	
toolkit	 for	 Gene	 Ontology	 enrichment	 analysis.	 Nucleic Acids 
Research,	36,	W358–	W363.

How to cite this article:	Hultström,	M.,	Peng,	D.,	
Becirovic	Agic,	M.,	Cupples,	C.	G.,	Cupples,	W.	A.,	
&	Mitrou,	N.	(2021).	Surgical	trauma	is	associated	
with	renal	immune	cell	activation	in	rats:	A	
microarray	study.	Physiological Reports,	9, e15142.	
https://doi.org/10.14814/	phy2.15142

https://doi.org/10.1002/ana.22664
https://doi.org/10.1046/j.1537-2995.1992.32692367194.x
https://doi.org/10.1046/j.1537-2995.1992.32692367194.x
https://doi.org/10.1097/00000542-200703000-00007
https://doi.org/10.1172/JCI112521
https://doi.org/10.1172/JCI112521
https://doi.org/10.14814/phy2.15142

