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Abstract
Hypertension	 and	 hyperhomocysteinemia	 are	 two	 independent	 risk	 factors	 of	
chronic	kidney	disease	 (CKD).	Our	 study	aimed	 to	evaluate	whether	hypertension	
and	hyperhomocysteinemia	act	synergistically	toward	renal	 injury.	Our	analysis	 in-
cluded	13	693	subjects	from	the	National	Health	and	Nutritional	Survey	(NHANES)	
1999‐2006.	 Association	was	 assessed	 by	multivariate	 logistic	 regressions.	 The	 in-
teraction	was	 investigated	 on	 both	 additive	 and	multiplicative	 scales.	 CKD	 had	 a	
prevalence	of	17.62%	in	the	NHANES	population.	After	adjusting	for	age,	sex,	race,	
education,	physical	activity,	drinking	frequency,	current	smoking	status,	poverty‐to‐
income	 ratio,	 Total	 cholesterol,	 high‐density	 lipoprotein	 cholesterol,	 serum	 folate,	
vitamin	B12,	body	mass	index,	waist	circumference,	and	diabetes	mellitus,	patients	
with	both	hypertension	and	hyperhomocysteinemia	had	a	5.072	(3.967‐6.486)	times	
risk	of	CKD	than	their	healthy	compartments,	higher	than	that	in	patients	with	only	
hypertension	or	hyperhomocysteinemia.	Moreover,	additive	interaction	of	hyperten-
sion	 and	 hyperhomocysteinemia	was	 significant	 (relative	 excess	 risk	 due	 to	 inter-
action:	2.107,	95%	CI:	1.071‐3.143;	 the	attributable	proportion	due	 to	 interaction:	
0.415,	 95%	 CI:	 0.270‐0.561;	 synergy	 index:	 2.072,	 95%	 CI:	 1.449‐2.962).	 Finally,	
subgroup	analyses	elucidated	the	interaction	was	robust	in	those	with	only	reduced	
estimated	glomerular	filtration	rate	or	albuminuria,	and	stratification	analyses	based	
on	gender	 showed	consistency	with	 the	main	 results.	Hypertension	and	hyperho-
mocysteinemia	may	act	synergistically	toward	a	greater	renal	injury	than	the	sum	of	
their	independent	effects.	Our	findings	suggest	the	coexistence	itself	also	correlates	
with	a	deteriorative	impact	on	renal	function	in	addition	to	the	effects	of	hyperten-
sion	and	diabetes	themselves.	The	results	may	support	the	rationality	and	value	of	
simultaneous	 tight	 control	of	hypertension	and	hyperhomocysteinemia	 to	prevent	
CKD.

[Corrections	added	on	October	12,	2019,	
after	first	online	publication:	“Haoyu	Wang”	
was	added	as	co‐corresponding	author	and	
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1  | INTRODUC TION

In	recent	decades,	chronic	kidney	disease	 (CKD)	has	emerged	as	a	
major	threat	to	global	health.	CKD	reached	a	worldwide	prevalence	
of	11.0%	and	contributed	to	15%	of	the	mortality	in	2012.1	Although	
we	have	simple	and	rapid	methods	to	diagnose	CKD,	it	is	still	chal-
lenging	for	the	prevention	of	CKD.	Hence,	finding	the	risk	factors	of	
CKD	and	understanding	their	associations	and	interactions	is	critical	
to	alleviating	the	burden	of	the	global	healthcare	system.

Hypertension	(HTN)	is	one	of	the	most	important	CKD	risk	fac-
tors.	Early	studies	have	 revealed	 that	 the	prevalence	of	hyperten-
sion	 inversely	 correlated	with	 estimated	 glomerular	 filtration	 rate	
(eGFR).2,3	Moreover,	studies	have	demonstrated	the	promoting	role	
of	hypertension	 in	 the	development	and	progression	of	end‐stage	
renal	 disease.4,5	 Epidemiological	 evidence	 has	 also	 illustrated	 that	
lowering	of	blood	pressure	could	slow	down	the	CKD	progression.6,7 
Additionally,	 a	mechanistic	 study	 has	 identified	 that	 hypertension	
could	impair	the	auto‐regulation	capacity	of	renal	arterioles,	result-
ing	 in	 glomerular	 pressure	 overload,	 leading	 to	 glomerulosclerosis	
and	finally	developing	into	CKD.8

Hyperhomocysteinemia	(HHcy)	is	another	independent	risk	fac-
tor	of	CKD.	Prior	studies	have	demonstrated	that	the	prevalence	of	
HHcy	in	CKD	patients	was	significantly	higher	than	that	in	healthy	
people,	 and	 the	HHcy	 prevalence	 increased	with	 the	 elevation	 of	
the	CKD	stages.9,10	Furthermore,	epidemiological	studies	have	also	
revealed	that	the	plasma	homocysteine	level	was	negatively	associ-
ated	with	eGFR	and	positively	correlated	with	the	risk	of	CKD.11-13 
Experimental	studies	have	identified	that	excessive	accumulation	of	
homocysteine	could	aggravate	oxidation	reactions	and	inhibit	anti-
oxidant	enzymes	in	the	kidney,	thereby	leading	to	redox	imbalance	
and	subsequent	renal	injury.14

Recently,	a	prospective	study	showed	that	HHcy	could	increase	
the	CKD	risk	among	hypertensive	patients,	implicating	the	additive	
effect	 of	 HTN	 and	 HHcy	 on	 renal	 damage.15	 However,	 no	 study	
to	date	has	 investigated	whether	HTN	and	HHcy	have	a	synergis-
tic	interaction	toward	the	exacerbation	of	renal	damage.	Thus,	our	
study	aims	to	evaluate	whether	the	coexistence	of	HTN	and	HHcy	
correlates	with	a	greater	renal	damage	than	the	sum	of	their	 inde-
pendent	effects,	exploring	whether	the	coexistence	itself	associates	
with	a	deteriorative	impact	on	renal	function	in	addition	to	the	ef-
fects	of	hypertension	and	diabetes	themselves.

2  | METHODS

2.1 | Study population

The	 data	 of	 the	 present	 study	 were	 derived	 from	 the	 National	
Health	and	Nutritional	Examination	Survey	(NHANES)	1999‐2006,	
which	is	a	nationwide,	representative	survey	based	on	the	civilian	
noninstitutionalized	 American	 population.	 Briefly,	 the	 NHANES	
survey	 is	 conducted	 in	 America	 every	 2	 years,	 and	 the	 survey	
adopts	 a	 cross‐sectional,	 multistage,	 stratified,	 and	 clustered	
probability	 sampled	 study	 design.	 More	 detailed	 information	

about	 NHANES	 can	 be	 acquired	 at	 http://www.cdc.gov/nchs/
nhanes.htm.	 In	our	 study,	 subjects	 aged	more	 than	20	years	old	
with	 complete	 data	 of	 blood	 pressure,	 serum	 homocysteine,	
serum	creatinine,	urine	creatinine,	urine	albumin,	and	other	asso-
ciated	covariates	were	finally	included	into	the	statistical	analysis	
(n	=	13	693).	National	Center	for	Health	Statistics	Ethics	Review	
Board	approved	the	study	protocol.	All	participants	provided	writ-
ten	informed	consent.

2.2 | Data collection and measurements

2.2.1 | Blood pressure and HTN

Three	 (sometimes	 4)	 continuous	 blood	 pressure	 measurements	
(both	 systolic	 and	 diastolic)	 were	 performed	 in	 the	 mobile	 ex-
amination	center	 (MEC).	For	 those	who	were	disabled,	 the	blood	
pressure	 measurements	 were	 conducted	 during	 home	 examina-
tions.	Two	physicians	 and	 two	health	 technologists	were	 trained	
to	collect	NHANES	blood	pressure	data	at	MEC	setting	and	home	
examination	 setting,	 respectively.	 The	 measurements	 were	 per-
formed	 according	 to	 a	 standardized	 protocol.	 After	 sitting	 and	
resting	 quietly	 for	 5	minutes,	 the	 blood	 pressure	measurements	
were	conducted	at	 the	 right	arm.	 If	 the	measurements	could	not	
be	taken	in	the	right	arm,	they	were	taken	in	the	left	arm.	The	de-
vice	used	for	blood	pressure	measurement	was	the	Baumanometer	
Calibrated	Manometer.	Upon	receipt	from	the	factory,	these	ma-
nometers	were	precisely	calibrated	to	true	gravity	and	were	guar-
anteed	by	 the	manufacturer	 to	 remain	 scientifically	 accurate.	All	
of	 the	blood	pressure	measurements	 (including	 those	 conducted	
in	 participants’	 homes)	 followed	 the	 same	 protocol.	 A	 detailed	
description	 of	 the	 blood	 pressure	 measurement	 procedure	 was	
documented	 in	 the	 “Physician	 Examination	 Procedures	 Manual”	
on	the	official	websites	of	NHANES	(https	://wwwn.cdc.gov/nchs/
data/nhane	s/2005‐2006/manua	ls/PE.pdf).	 HTN	 was	 recognized	
as	mean	systolic	blood	pressure	(SBP)	≥140	mm	Hg	and/or	a	mean	
diastolic	blood	pressure	(DBP)	≥90	mm	Hg,	and	participants	with	
self‐reported	use	of	anti‐hypertensive	drugs	were	also	regarded	as	
hypertensive	patients.16

2.2.2 | Serum homocysteine and HHcy

Subjects	were	examined	in	the	morning	after	fasting	at	least	8	hours	
or	more	but	 less	 than	24	hours.	More	 specific	 information	 about	
specimen	collection	and	processing	instructions	can	be	found	at	the	
NHANES	 Laboratory/Medical	 Technologists	 Procedures	 Manual.	
Serums	were	frozen	(−20°C),	stored,	and	transported	to	the	Division	
of	Environmental	Health	Laboratory	Sciences,	National	Center	for	
Environmental	Health,	Centers	for	Disease	Control	and	Prevention.	
For	 the	 specimens	 from	 1999	 to	 2001,	 homocysteine	was	 quan-
tified	 by	 using	 an	 Abbott	 Homocysteine	 IMX	 analyzer	 (Abbott	
Laboratories).	 However,	 for	 the	 specimens	 from	 2002	 to	 2006,	
the	 analyzer	was	 changed	 to	 an	 Abbott	 AxSym	 analyzer	 (Abbott	
Laboratories).	The	homocysteine	data	 from	2001	were	calibrated	

http://www.cdc.gov/nchs/nhanes.htm
http://www.cdc.gov/nchs/nhanes.htm
https://wwwn.cdc.gov/nchs/data/nhanes/2005-2006/manuals/PE.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2005-2006/manuals/PE.pdf
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by	 the	NHANES	group	before	 releasing,	 and	 the	 data	 from	1999	
to	2000	were	manually	calibrated	by	using	the	following	formula:	 
AxSym	=	10**(0.983*log10(IMX)	+	0.0418).	Finally,	HHcy	was	rec-
ognized	as	serum	homocysteine	concentration	>12	μmol/L.17

2.2.3 | Reduced eGFR, albuminuria, and CKD

Assessment	 of	 serum	 creatinine	 was	 conducted	 with	 a	 Hitachi	
Model	 917	multichannel	 analyzer	 (Roche	Diagnostics)	 at	Coulston	
Foundation,	 Alamogordo,	 New	 Mexico	 between	 1999	 and	 2001.	
After	2001,	the	serum	creatinine	was	quantified	by	using	a	Beckman	
Synchron	 LX20	 (Beckman	 Instruments,	 Inc)	 at	 Collaborative	
Laboratory	 Services	 in	 Ottumwa,	 Iowa.	 According	 to	 the	 results	
of	 Selvin	 et	 al,18	 the	 serum	 creatinine	 data	 from	 1999	 to	 2000	
and	2005	to	2006	were	calibrated.	The	correction	equations	were	
as	 follows:	 Standard	 creatinine	 =	 0.147	 +	 1.013	 ×	 uncalibrated	
serum	 creatinine	 (for	 data	 from	1999	 to	 2000)	 and	 Standard	 cre-
atinine	=	−0.016	+	0.978	×	uncalibrated	serum	creatinine	(for	data	
from	2005	to	2006).	Casual	urine	specimens	collected	from	the	sub-
jects	were	frozen	(−20°C),	stored,	and	shipped	to	the	University	of	
Minnesota.	Urinary	creatinine	was	 tested	by	a	Beckman	Synchron	
CX3	clinical	analyzer	(Beckman	Instruments,	Inc).	The	urinary	albu-
min	was	 quantified	 by	 using	 a	 fluorometer,	 Sequoia‐Turner	model	
450	 (Sequoia‐Turner	Corp.).	 eGFR	was	calculated	by	 following	 the	
Chronic	 Kidney	 Disease	 Epidemiology	 Collaboration	 creatinine	
equation.19	Reduced	eGFR	was	determined	as	eGFR	<60	mL/min	per	
1.73	m*2;	albuminuria	was	defined	as	urinary	albumin‐to‐creatinine	
ratio	≥3	mg/mmol;	CKD	referred	to	the	presence	of	reduced	eGFR	
and/or albuminuria.20

2.2.4 | Covariates

Before	the	health	examination,	demographic	data	were	collected	in	
the	home	with	a	computer‐assisted	personal	interviewing	methodol-
ogy.	If	the	subjects	could	not	answer	the	questions	by	themselves,	a	
proxy	would	provide	related	information.	Ever	smoking	was	defined	
as	smoked	at	 least	100	cigarettes	 in	 life,	and	current	cigarette	use	
(every	day	or	some	days)	was	recognized	as	current	smoking.	Ever	
drinking	referred	to	at	least	12	alcohol	drinks	in	1	year.	Drinking	fre-
quency	was	determined	as	the	average	drinking	times	per	week	in	
the	past	1	year.	Poverty‐to‐income	ratio	(PIR),	calculated	by	family	
income	ratio	to	the	federal	poverty	threshold,	was	used	to	assess	the	
socioeconomic	status	of	subjects.

Standardized	 measurements	 were	 utilized	 to	 evaluate	 weight,	
height,	and	waist	circumference	(WC).	Body	mass	 index	(BMI)	was	
calculated	as	weight	(kg)	ratio	to	height	(m)	squared.	Total	cholesterol	
(TC)	and	high‐density	lipoprotein	cholesterol	(HDL‐C)	were	analyzed	
at	 Lipoprotein	 Analytical	 Laboratory	 of	 Johns	 Hopkins	 University	
School	of	Medicine.	Serum	folate	and	vitamin	B12	were	measured	
by	using	Bio‐Rad	Laboratories	“Quantaphase	II	Folate/vitamin	B12”	
radio‐assay	kit	at	the	Division	of	Environmental	Health	Laboratory	
Sciences,	 National	 Center	 for	 Environmental	 Health,	 Centers	 for	
Disease	Control	and	Prevention.

2.3 | Statistical analysis

In	 the	 present	 work,	 we	 used	 4	 rounds	 of	 the	 NHANES	 exami-
nations,	 which	 were	 1999‐2000,	 2001‐2002,	 2003‐2004,	 and	
2005‐2006.	We	pooled	the	data	set	by	combining	the	data	from	
different	 rounds	of	NHANES	survey	and	calculating	 the	weights	
for	 8	 years	 through	 the	methods	 given	 by	 the	NHANES	 official	
websites	 (https	://www.cdc.gov/nchs/tutor	ials/nhane	s/Surve	
yDesi	gn/Weigh	ting/Task2.htm).	 According	 to	 the	NHANES	 ana-
lytic	 guidelines,	 the	calculated	8‐year	 sampling	weight	was	used	
because	 of	 the	 complex	 survey	 design,	 and	 the	 analyses	 were	
performed	by	using	the	survey	data	analysis	function.	Continuous	
variates	were	summarized	as	the	mean	value	with	95%	confidence	
intervals	 (CI).	Categorical	 variates	were	 shown	as	 the	 frequency	
with	 95%	 CI.	Multiple	 comparisons	 between	 groups	 in	 Figure	 1	
were	conducted	by	using	Kruskal‐Wallis	pairwise	comparison	for	
homocysteine	(skewed	distribution)	and	Bonferroni	multiple	com-
parisons	 in	the	post	hoc	analysis	of	ANOVA	for	SBP	(normal	dis-
tribution).	Multivariate	logistic	regression	models	were	performed	

F I G U R E  1  Blood	pressure	level	and	serum	homocysteine	
concentration	according	to	the	presence	or	absence	of	reduced	
eGFR	and	albuminuria.	Subjects	were	divided	into	four	groups:	
Group	1:	normal	eGFR	and	non‐albuminuria;	Group	2:	reduced	
eGFR	and	non‐albuminuria;	Group	3:	normal	eGFR	and	albuminuria;	
Group	4:	reduced	eGFR	and	albuminuria.	Each	point	indicates	the	
mean	value	of	the	corresponding	group,	and	the	legend	beside	the	
point	shows	the	mean	value	and	its	95%	confidence	interval.	The	
figure	suggests	that	the	presence	of	reduced	eGFR	and	albuminuria	
is	associated	with	increased	SBP	level	and	serum	homocysteine	
concentration.	In	Group	3,	patients	still	have	significantly	increased	
SBP	level	and	homocysteine	concentration	when	eGFR	is	normal.	
The	line	indicated	the	comparison	between	the	connected	two	
groups.	*P	for	comparison	<.001.	eGFR,	estimated	glomerular	
filtration	ratio;	SBP,	systolic	blood	pressure

https://www.cdc.gov/nchs/tutorials/nhanes/SurveyDesign/Weighting/Task2.htm
https://www.cdc.gov/nchs/tutorials/nhanes/SurveyDesign/Weighting/Task2.htm


1570  |     SHI et al.

to	 investigate	 the	 associations	 between	 HTN,	 HHcy,	 and	 CKD.	
Covariates	that	had	a	P	value	<.20	for	the	association	with	CKD	in	
the	univariate	models	(Table	S1)	were	included	in	the	multivariate	
models.	 Furthermore,	 variates	 that	 had	 shown	associations	with	
HTN,	HHcy,	and	CKD	 in	published	articles	were	also	 included	 in	
the	multivariate	models.

Since	 the	 synergistic	 interaction	 can	 be	 additive	 or	multiplica-
tive,21,22	the	interaction	of	HTN	and	HHcy	on	the	risk	of	CKD	and	
its	 components	 were	 investigated	 on	 both	 additive	 and	 multipli-
cative	scales.	Additive	 interaction	means	the	coexistence	of	2	 risk	
factors	 has	 a	 significantly	 greater	 risk	 than	 the	 sum	of	 their	 inde-
pendent	impacts.	Additive	interaction	was	evaluated	by	relative	ex-
cess	 risk	 due	 to	 interaction	 (RERI),	 attributable	 proportion	 due	 to	
interaction	(AP)	and	synergy	index	(S	index).23,24	RERI	indicated	the	
excessive	OR	caused	by	the	interaction	effect.	It	was	determined	as	
(OR11	−	OR10	−	OR01)	+	1.	OR11	represented	the	risk	of	CKD	when	
subjects	had	both	HTN	and	HHcy;	OR10	 referred	 to	 the	CKD	 risk	
when	subjects	only	had	HTN;	OR01	indicated	the	CKD	risk	of	HHcy	
alone.	AP	was	calculated	as	RERI/OR11,	and	it	represented	the	pro-
portion	of	the	total	CKD	risk	that	was	due	to	the	interaction.	S	index	
was	calculated	as	 [OR11	−	1]/[(OR10	−	1)	+	 (OR01	−	1)].	For	RERI	
and	AP,	a	95%	CI	not	across	0	represented	significance;	for	S	index,	
a	95%	CI	not	across	1	indicated	significance.	For	the	calculation	of	
multiplicative	interaction,	HTN	×	HHcy	was	included	as	an	interac-
tion	term	into	the	multivariate	logistic	regression	models,	and	the	OR	
of	HTN	×	HHcy	was	used	to	evaluate	the	significance	and	magnitude	
of	 multiplicative	 interaction.	 All	 the	 analyses	 were	 performed	 by	
Stata	Statistical	Software	(version	15.1;	Stata	Corp),	SPSS	25.0	soft-
ware	(IBM	Corp)	and	Prism	7.0	software	(GraphPad	Software,	Inc).

3  | RESULTS

The	present	study	finally	 included	13	693	subjects	 into	 the	analy-
sis.	 Table	 1	 presented	 the	 characteristics	 of	 the	 subjects.	 Among	
these	participants,	the	prevalence	of	CKD	was	18.44%.	More	spe-
cifically,	 8.63%	 of	 the	 participants	 suffered	 from	 reduced	 eGFR	
(eGFR	<	60	mL/min	per	1.73	m*2)	and	12.79%	of	the	subjects	had	
albuminuria.	With	 regard	 to	 HTN	 and	 HHcy,	 30.55%	 of	 the	 total	
population	 suffered	 from	HTN,	 and	 the	 CKD	 group	 had	 a	 higher	
prevalence	 of	 HTN	 than	 the	 non‐CKD	 group.	 The	 prevalence	 of	
HHcy	 was	 10.26%	 among	 all	 included	 subjects	 and	 higher	 in	 the	
CKD	group	than	in	the	non‐CKD	group.

We	divided	subjects	into	four	groups	according	to	the	presence	
or	absence	of	reduced	eGFR	or	albuminuria	(Group	1:	normal	eGFR	
and	non‐albuminuria;	Group	2:	reduced	eGFR	and	non‐albuminuria;	
Group	 3:	 normal	 eGFR	 and	 albuminuria;	 Group	 4:	 reduced	 eGFR	
and	 albuminuria).	 Figure	 1	 displayed	 the	 SBP	 level	 and	 the	 serum	
homocysteine	concentration	 in	the	4	groups.	As	for	the	SBP	level,	
the	presence	of	reduced	eGFR	or	albuminuria	was	associated	with	
higher	levels	of	SBP,	and	for	patients	with	albuminuria	but	without	
reduced	eGFR,	 the	SBP	 level	was	 still	 significantly	 elevated.	With	
regard	 to	 the	serum	homocysteine	concentration,	 the	presence	of	

reduced	eGFR	was	associated	with	increased	homocysteine,	and	the	
presence	of	albuminuria	alone	also	related	to	the	increase	in	homo-
cysteine	concentration.

We	performed	multivariate	logistic	regression	models	to	reveal	
the	association	between	HTN,	HHcy,	and	CKD	(Table	2).	In	the	crude	
model,	HTN	and	HHcy	caused	a	4.515	and	a	4.869	times	risk	of	CKD,	
respectively.	After	adjusting	for	age,	sex,	race,	education	level,	PIR,	
physical	 activity,	 drinking	 frequency,	 current	 smoking,	TC,	HDL‐C,	
serum	folate,	vitamin	B12,	BMI,	WC,	and	DM,	HTN	still	casts	a	1.787	
(1.562‐2.044)	 times	 risk	 of	 CKD,	 and	 HHcy	 also	 caused	 a	 2.985	
(2.472‐3.606)	times	risk	of	CKD.	As	for	the	diagnostic	components	
of	CKD,	hypertensive	patients	had	an	81.8%	increase	in	the	risk	of	
reduced	eGFR	and	a	95.9%	elevation	in	the	risk	of	albuminuria	when	
compared	 with	 normotensive	 subjects.	 HHcy	 patients	 suffered	
from	a	6.573	(5.075‐8.512)	times	risk	of	reduced	eGFR	and	a	1.880	
(1.527‐2.314)	 times	 risk	 of	 albuminuria	 than	 patients	 with	 normal	
serum	homocysteine	level.	When	adding	the	multiplicative	interac-
tion	term	into	the	models,	all	of	the	ORs	attenuated	but	remained	in	
significant.	Furthermore,	we	did	a	stratification	analysis	according	to	
gender,	and	the	results	were	consistent	with	the	findings	from	the	
whole	population	(Table	S2).

To	investigate	the	effect	of	coexistent	HTN	and	HHcy	on	CKD	
and	its	components,	we	divided	subjects	into	four	categories	(non‐
HTN	and	non‐HHcy,	HTN	and	non‐HHcy,	non‐HTN	and	HHcy,	and	
HTN	and	HHcy)	(Table	3).	In	the	crude	model,	HTN	and	HHcy	group	
showed	a	14.328	(11.588,	17.715)	times	risk	than	healthy	group	for	
CKD,	 and	 53.387	 (39.841,	 71.539)	 and	 6.520	 (5.267,	 8.070)	 times	
risk	for	reduced	eGFR	and	albuminuria,	respectively.	After	adjusting	
for	all	covariates,	all	of	the	effect	values	attenuated	but	remained	in	
significance.	With	regard	to	CKD,	HTN	and	HHcy	group	showed	a	
5.072	(3.967‐6.486)	times	risk	than	the	healthy	group,	much	higher	
than	that	of	HTN	and	non‐HHcy	group	(1.594,	95%	CI:	1.363‐1.865)	
and	 non‐HTN	 and	 HHcy	 group	 (2.492,	 95%	 CI:	 1.879‐3.305).	
Furthermore,	HTN	caused	significantly	elevated	OR	of	CKD	in	both	
HHcy	and	normal	Hcy	subjects,	and	the	OR	of	CKD	in	HHcy	subjects	
was	also	significantly	 increased	 in	both	HTN	and	non‐HTN	strata.	
The	results	of	reduced	eGFR	and	albuminuria	were	consistent	with	
the	results	of	CKD.	The	coexistence	of	HTN	and	HHcy	casts	an	ex-
tremely	high	association	with	reduced	eGFR,	with	an	OR	of	10.329	
(7.363‐14.491).	Similarly,	the	coexistence	of	HTN	and	HHcy	caused	
an	OR	of	3.452	 (2.589‐4.601)	 for	 albuminuria,	 higher	 than	 that	of	
HTN	and	non‐HHcy	group	 (1.844,	95%	CI:	 1.532‐2.219)	 and	non‐
HTN	and	HHcy	group	 (1.590,	95%	CI:	1.137‐2.224).	Moreover,	we	
also	 conducted	 a	 stratification	 analysis	 based	 on	 gender,	 and	 the	
findings	were	close	to	the	major	results	derived	from	the	whole	pop-
ulation	(Table	S3).

To	 demonstrate	 whether	 HTN	 and	 HHcy	 have	 a	 synergistic	
interaction	 toward	 CKD,	we	 calculated	 the	 interaction	 effect	 in	
both	 additive	 and	multiplicative	 scale	 (Table	4).	 For	 the	 additive	
scale,	the	RERI	8.090	(95%	CI:	5.473‐10.707)	for	CKD	was	signif-
icant	and	positive	 in	 the	crude	model.	After	adjusting	 for	all	 co-
variates,	 the	 RERI	 shrank	 to	 2.107	 (95%	CI:	 1.071‐3.143),	which	
meant	2.107	times	risk	out	of	the	total	5.072	times	risk	was	caused	
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TA B L E  1  Characteristics	of	subjects	divided	by	CKD

Variables Total (n = 13 693) CKD group (n = 2525)
Non‐CKD group 
(n = 11 168)

Age	(y) 45.86	(45.27‐46.46) 59.59	(58.38‐60.81) 43.65	(43.13‐44.17)

Males	(%) 49.47	(48.47‐50.28) 43.38	(40.93‐45.86) 50.46	(49.62‐51.29)

Race	(%)

Non‐Hispanic	white 74.20	(71.4‐76.9) 74.15	(70.72‐77.31) 74.24	(71.38‐76.90)

Non‐Hispanic	black 9.70	(8.18‐11.46) 10.60	(8.63‐12.95) 9.55	(8.08‐11.26)

Mexican	American 7.04	(5.76‐8.59) 5.95	(4.48‐7.85) 7.22	(5.94‐8.75)

Other	Hispanic 4.76	(3.38‐6.71) 4.95	(3.38‐7.20) 4.75	(3.35‐6.69)

Others 4.26	(3.66‐4.96) 4.36	(3.17‐5.97) 4.24	(3.62‐4.97)

Educational	level	(%)

<high	school 17.41	(16.14‐18.76) 27.42	(24.96‐30.02) 15.80	(14.58‐17.10)

=high	school 25.46	(24.23‐26.74) 25.39	(23.01‐27.93) 25.48	(24.09‐26.91)

>high	school 57.12	(55.11‐59.11) 47.19	(44.00‐50.40) 58.73	(56.69‐60.73)

PIR 3.10	(3.01‐3.19) 2.74	(2.61‐2.87) 3.16	(3.08‐3.24)

Ever	drinking	(%) 75.53	(73.03‐77.87) 65.50	(62.02‐68.8) 77.15	(74.62‐79.50)

Drinking	frequency	(per	week) 4.17	(3.58‐4.76) 3.54	(2.01‐5.08) 4.27	(3.72‐4.82)

Ever	smoking	(%) 50.83	(49.16‐52.51) 53.28	(50.89‐55.66) 50.44	(48.64‐52.23)

Current	smoking	(%) 24.98	(23.61‐26.40) 19.90	(17.80‐22.18) 25.80	(24.27‐27.38)

Physical	activity	(%)

Low 23.44	(22.33‐24.58) 28.63	(26.11‐31.29) 22.60	(21.45‐23.80)

Moderate 50.46	(49.35‐51.56) 53.19	(50.45‐55.91) 50.02	(48.82‐51.21)

High 26.11	(24.80‐27.46) 18.18	(16.47‐20.03) 27.39	(26.01‐28.81)

Height	(cm) 169.39	(169.17‐169.62) 166.78	(166.28‐167.28) 169.82	(169.59‐170.04)

Weight	(kg) 80.87	(80.25‐81.49) 80.94	(79.58‐82.30) 80.86	(80.24‐81.48)

WC	(cm) 96.67	(96.11‐97.23) 100.47	(99.36‐101.58) 96.06	(95.50‐96.62)

BMI	(kg/m*2) 28.10	(27.89‐28.31) 28.93	(28.51‐29.35) 27.97	(27.76‐28.18)

FPG	(mmol/L) 5.28	(5.24‐5.32) 6.09	(5.96‐6.21) 5.15	(5.11‐5.19)

TC	(mmol/L) 5.22	(5.18‐5.24) 5.33	(5.26‐5.40) 5.21	(5.18‐5.24)

HDL‐C	(mmol/L) 1.37	(1.36‐1.38) 1.36	(1.33‐1.38) 1.37	(1.36‐1.38)

Serum	folate	(nmol/L) 32.60	(31.80‐33.40) 38.98	(36.62‐41.34) 31.57	(30.76‐32.38)

Vitamin	B12	(pmol/L) 392.40	(374.43‐410.36) 415.62	(391.64‐439.60) 388.66	(368.04‐409.30)

Scr	(mg/dL) 0.89	(0.89‐0.90) 1.09	(1.06‐1.11) 0.86	(0.86‐0.87)

eGFR	(mL/min	per	1.73	m*2) 94.06	(93.21‐94.90) 74.26	(72.61‐75.91) 97.25	(96.53‐97.96)

Urine	Scr	(mmol/L) 11.33	(11.09‐11.56) 10.38	(10.03‐10.73) 11.48	(11.23‐11.73)

Urine	albumin	(mg/L) 31.40	(27.04‐35.75) 171.50	(141.62‐201.38) 8.81	(8.55‐9.08)

UACR	(mg/mmol) 3.15	(2.66‐3.64) 17.81	(14.49‐21.14) 0.79	(0.77‐0.80)

Glucose‐lowering	medication	(%) 4.46	(3.97‐5.00) 13.13	(11.26‐15.27) 3.06	(2.64‐3.55)

Insulin	taking	(%) 1.55	(1.31‐1.83) 5.91	(4.84‐7.19) 0.85	(0.67‐1.08)

DM	(%) 7.65	(7.04‐8.30) 22.87	(20.68‐25.22) 5.19	(4.63‐5.83)

SBP	(mm	Hg) 122.72	(122.13‐123.30) 134.35	(133.33‐135.38) 120.84	(120.26‐121.42)

DBP	(mm	Hg) 71.53	(71.11‐71.94) 70.29	(69.19‐71.39) 71.73	(71.33‐72.13)

Anti‐hypertension	therapy	(%) 21.54	(20.33‐22.81) 46.66	(43.65‐49.70) 17.49	(16.35‐18.70)

HTN	(%) 30.55	(29.11‐32.02) 60.91	(58.15‐63.60) 25.66	(24.26‐27.11)

Hcy	(μmol/L) 8.58	(8.49‐8.67) 10.81	(10.44‐11.19) 8.34	(8.24‐8.44)

HHcy	(%) 10.26	(9.48‐11.09) 28.01	(25.08‐31.14) 7.40	(6.70‐8.17)

Abbreviations:	BMI,	body	mass	index;	CKD,	chronic	kidney	disease;	DBP,	diastolic	blood	pressure;	DM,	diabetes	mellitus;	eGFR,	estimated	glomerular	
filtration	rate;	FPG,	fasting	plasma	glucose;	HDL‐C,	high‐density	lipoprotein	cholesterol;	HHcy,	hyperhomocysteinemia;	HTN,	hypertension;	PIR,	
poverty‐to‐income	ratio;	SBP,	systolic	blood	pressure;	Scr,	serum	creatinine;	TC,	total	cholesterol;	UACR,	urinary	albumin‐to‐creatinine	ratio;	WC,	
waist	circumference.
Data	are	expressed	as	mean	or	frequency	with	95%	confidence	intervals	as	appropriate.
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by	the	 interaction	between	HTN	and	HHcy.	Although	the	effect	
value	decreased,	it	was	still	significant,	implicating	the	synergistic	
interaction	between	HTN	and	HHcy	on	CKD.	Moreover,	the	AP	re-
vealed	that	the	interaction	caused	41.5%	of	the	total	impact	in	the	

HTN	and	HHcy	group.	Additionally,	 the	S	 index	 for	CKD	 (2.072,	
95%	CI:	 1.449‐2.962)	 also	 confirmed	 the	 synergistic	 interaction.	
The	 results	of	 reduced	eGFR	and	albuminuria	also	 identified	 the	
significant	 synergistic	 interaction	 between	HTN	 and	HHcy.	 The	
RERI	 and	 AP	 for	 reduced	 eGFR	 were	 larger	 than	 that	 for	 CKD,	
which	 was	 consistent	 with	 the	 findings	 in	 Table	 3.	 Also	 corre-
sponding	to	the	findings	in	Table	3,	our	results	elucidated	that	the	
additive	interaction	toward	albuminuria	was	relatively	weak	than	
that	toward	CKD	or	reduced	eGFR.	A	clear	 illustration	of	the	re-
sults	of	addictive	synergistic	 interaction	analyses	was	presented	
in	Figure	2.	With	regard	to	the	interaction	in	multiplicative	scale,	
although	the	interaction	term	showed	a	significant	and	protective	
effect	for	reduced	eGFR	in	the	crude	model,	we	observed	no	sig-
nificant	interactions	toward	CKD,	reduced	eGFR,	and	albuminuria	
in	the	full	model.	We	then	divided	our	population	into	males	and	
females	 and	 re‐evaluated	 the	 interaction	 effect	 in	 both	 scales	
(Table	S4).	In	males,	the	addictive	interaction	was	insignificant	to-
ward	CKD,	reduced	eGFR,	and	albuminuria,	but	it	still	revealed	a	
trend	to	become	significant.	In	females,	the	addictive	interaction	
was	 still	 significant	 toward	 CKD	 and	 reduced	 eGFR,	 accounting	
for	 51.4%	 and	 58.6%	 of	 the	 total	 impact	 for	 CKD	 and	 reduced	
eGFR,	respectively.	However,	the	addictive	interaction	was	insig-
nificance	toward	albuminuria.	As	for	the	multiplicative	interaction,	
the	 results	were	 similar	 to	 that	 from	 the	whole	 population,	 and	
our	study	detected	insignificant	multiplicative	interaction	toward	
CKD,	reduced	eGFR,	and	albuminuria	in	both	genders.

4  | DISCUSSION

Our	study	verified	the	positive	association	between	HTN,	HHcy,	and	
CKD	based	on	 a	 nationwide	 and	 general	 population.	More	 impor-
tantly,	 our	work	was	 the	 first	 evidence	 to	 suggest	 the	 synergistic	
interaction	between	HTN	and	HHcy	toward	renal	 injury.	Our	find-
ings	implicate	the	coexistence	of	HTN	and	HHcy	may	cast	a	greater	
impact	on	renal	function	than	the	sum	of	their	independent	impact.	
In	other	words,	 the	 findings	 suggest	 the	 combination	of	HTN	and	
HHcy	may	not	only	add	up	the	impact,	but	also	generate	more	de-
teriorative	effect.	Therefore,	the	results	highlight	that	the	coexist-
ence	 itself	may	also	correlate	with	a	deteriorative	 impact	on	renal	
function	 in	 addition	 to	 the	effects	of	HTN	and	HHcy	 themselves.	
Accordingly,	our	study	may	support	the	rationality	and	value	of	si-
multaneous	 tight	control	of	HTN	and	HHcy	 in	preventing	CKD.	 In	
addition,	 the	present	work	also	provides	epidemiological	evidence	
for	related	experimental	studies.

The	 value	 of	 interaction	 analysis	 is	 to	 determine	whether	 the	
combination	 of	 two	 risk	 factors	 causes	 a	 significantly	 higher	 or	
lower	 risk	 than	 the	 sum	or	 product	 of	 their	 independent	 impacts.	
Therefore,	 the	 interaction	effect	has	 two	possible	 scales:	 additive	
and	multiplicative.	Interaction	in	the	additive	scale	evaluates	the	dif-
ference	between	the	risk	of	the	outcome	when	both	two	risk	factors	
exist	and	 the	sum	of	 the	outcome	 risks	when	only	one	 risk	 factor	
exists.	 Interaction	in	the	multiplicative	scale	indicates	whether	the	

TA B L E  2  Multivariate	logistic	regression	of	HTN	or	HHcy	on	
CKD	and	its	components

Risk factors ORs 95% CI P value

Crude	model

CKD

HTN 4.515 4.004,	5.091 <.001

HHcy 4.869 4.080,	5.810 <.001

Reduced	eGFR

HTN 8.554 7.449,	9.822 <.001

HHcy 11.269 8.916,	14.244 <.001

Albuminuria

HTN 3.366 2.930,	3.865 <.001

HHcy 2.824 2.356,	3.384 <.001

Multivariate	adjusted	model	without	multiplicative	interaction	term

CKD

HTN 1.787 1.562-2.044 <.001

HHcy 2.985 2.472-3.606 <.001

Reduced	eGFR

HTN 1.818 1.499-2.203 <.001

HHcy 6.573 5.075‐8.512 <.001

Albuminuria

HTN 1.959 1.659-2.313 <.001

HHcy 1.880 1.527-2.314 <.001

Multivariate	adjusted	model	with	multiplicative	interaction	term

CKD

HTN 1.594 1.363,	1.865 <.001

HHcy 2.371 1.772,	3.174 <.001

Reduced	eGFR

HTN 1.512 1.166,	1.962 <.001

HHcy 5.180 3.391,	7.911 <.001

Albuminuria

HTN 1.844 1.532,	2.219 <.001

HHcy 1.590 1.137,	2.224 <.001

Abbreviations:	BMI,	body	mass	index;	CI,	confidence	intervals;	CKD,	
chronic	kidney	disease;	DM,	diabetes	mellitus;	eGFR,	estimated	glomer-
ular	filtration	ratio;	HDL‐C,	high‐density	lipoprotein	cholesterol;	HHcy,	
hyperhomocysteinemia;	HTN,	hypertension;	PIR,	poverty‐to‐income	
ratio;	TC,	total	cholesterol;	WC,	waist	circumference.
Crude	model:	no	adjustment;	multivariate	adjusted	model	without	mul-
tiplicative	interaction	term:	adjusted	by	age,	sex,	race,	education	level,	
PIR,	physical	activity,	drinking	frequency,	current	smoking	status,	TC,	
HDL‐C,	serum	folate,	vitamin	B12,	BMI,	WC,	and	DM;	multivariate	ad-
justed	model	with	multiplicative	interaction	term:	adjusted	by	age,	sex,	
race,	education	level,	PIR,	physical	activity,	drinking	frequency,	current	
smoking	status,	TC,	HDL‐C,	serum	folate,	vitamin	B12,	BMI,	WC,	DM,	
and	interaction	term	of	HTN	and	HHcy.
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risk	of	the	outcome	for	subjects	with	both	risk	factors	is	significantly	
distinct	from	the	product	of	the	outcome	risks	in	subjects	with	only	
one	risk	factor.23,25	Thus,	it	is	possible	that	only	one	scale	of	interac-
tion	is	significant.	Although	there	is	no	agreement	on	which	scale	is	
better,	additive	interaction	may	have	a	greater	clinical	significance,	
because	 it	 directly	 evaluates	 the	proportion	of	 the	 risk	 caused	by	
the	synergistic	action	of	the	two	risk	factors.23,26	Nevertheless,	the	
new	STROBE	statement	advocates	authors	to	provide	both	additive	
and	multiplicative	scale	of	 interaction	when	 investigating	 the	 joint	
effect	of	two	risk	factors.27	Accordingly,	we	reported	the	results	of	
interaction	in	both	scales.	In	addition,	we	facilitated	the	comparison	
between	our	results	and	other	related	works	by	presenting	two	in-
teraction	scales.

The	 interaction	 in	 the	 additive	 scale	 demonstrated	 a	 syner-
gistic	and	significant	 joint	effect	of	HTN	and	HHcy	on	CKD.	The	
results	 suggest	 that	 the	 combination	 of	 HTN	 and	 HHcy	 has	 a	
greater	effect	on	CKD	than	the	sum	of	the	impact	when	only	one	
risk	factor	exists.	Thus,	our	study	implicates	that	HTN	and	HHcy	
may	have	a	 synergistic	 interaction	 toward	greater	 renal	damage.	
In	other	words,	the	combination	of	HTN	and	HHcy	may	not	only	
add	up	 the	 impact	but	also	produce	a	more	deteriorative	effect.	
Accordingly,	except	for	HTN	and	HHcy,	the	coexistence	of	these	
two	factors	may	also	be	an	additional	factor	that	correlates	with	
CKD.	 With	 this	 regard,	 simultaneous	 tight	 control	 of	 HTN	 and	
HHcy	may	be	rational	and	important	to	prevent	the	development	
and	progression	of	CKD.

Our	 study	 is	 consistent	with	 established	 studies.	 Early	 studies	
have	elucidated	the	role	of	HTN	in	promoting	the	development	and	

progression	 of	 CKD,	 and	 prior	 research	 has	 addressed	 the	 impor-
tance	 of	 HTN	 control	 in	 the	 management	 of	 CKD.4,5,28	 Previous	
studies	 have	 also	 identified	 the	 association	 between	 HHcy	 and	
CKD.12	Shankar	et	al	demonstrated	the	impact	of	HHcy	on	CKD	was	
independent	of	common	CKD	risk	factors	such	as	DM	and	HTN.29 
Furthermore,	a	study	revealed	the	role	of	HHcy	in	predicting	renal	
damage	among	healthy	people.11	More	importantly,	Xie	et	al	eluci-
dated	 that	HHcy	 could	 increase	 the	 risk	 of	 renal	 function	 decline	
among	hypertensive	patients,	suggesting	the	additive	effect	of	HTN	
and	 HHcy	 on	 CKD.	 However,	 no	 study	 to	 date	 has	 investigated	
whether	the	combination	of	HTN	and	HHcy	correlates	with	an	ad-
ditional	 risk	of	CKD	 than	 the	 sum	of	 their	 independent	 impact.	 In	
the	present	study,	we	expanded	the	results	of	the	above	published	
articles.	Our	study	confirmed	that	both	HTN	and	HHcy	were	inde-
pendently	 associated	with	 CKD	 and	 its	 component.	 Furthermore,	
our	results	suggest	that	HHcy	correlates	with	CKD	among	HTN	pa-
tients	and	vice	versa.	Most	importantly,	our	study	implicates	that	the	
coexistence	of	HTN	and	HHcy	may	cast	an	extremely	large	impact	
on	CKD,	and	this	 impact	can	be	significantly	greater	than	the	sum	
of	their	independent	effects.	Our	work	for	the	first	time	reveals	the	
synergistic	interaction	between	HTN	and	HHcy	on	CKD,	suggesting	
the	rationality	and	importance	of	simultaneous	tight	control	of	HTN	
and	HHcy	to	prevent	CKD.

It	is	important	to	recognize	that	eGFR	may	influence	the	serum	
homocysteine	concentration	because	homocysteine	is	excreted	by	
the	kidney.	Therefore,	the	association	between	CKD	and	HHcy	may	
attribute	to	the	reduced	renal	excretion	of	homocysteine.	However,	
the	 present	 study	 demonstrated	 that	 the	 homocysteine	 level	was	

 CKD Reduced eGFR Albuminuria

Crude	model

Addictive	scale

RERI 8.090	(5.473,	10.707) 35.513	(23.875,	47.150) 2.593	(1.203,	3.984)

AP 0.565	(0.471,	0.658) 0.665	(0.601,	0.729) 0.398	(0.236,	0.559)

S	index 2.545	(1.991,	3.253) 3.105	(2.541,	3.793) 1.886	(1.335,	2.665)

Multiplicative	scale

ORs 1.097	(0.782,	1.539) 0.622	(0.436,	0.888) 1.125	(0.732,	1.728)

Multivariate	adjusted	model

Addictive	scale

RERI 2.107	(1.071‐3.143) 4.637	(1.795‐7.479) 1.018	(0.134‐1.902)

AP 0.415	(0.270‐0.561) 0.449	(0.254‐0.644) 0.295	(0.088‐0.502)

S	index 2.072	(1.449‐2.962) 1.988	(1.303‐3.033) 1.710	(1.071‐2.729)

Multiplicative	scale

ORs 1.342	(0.970‐1.857) 1.319	(0.817‐2.128) 1.177	(0.790‐1.754)

Abbreviations:	AP,	the	attributable	proportion	due	to	interaction;	BMI,	body	mass	index;	CKD,	
chronic	kidney	disease;	DM,	diabetes	mellitus;	eGFR,	estimated	glomerular	filtration	ratio;	HDL‐C,	
high‐density	lipoprotein	cholesterol;	HHcy,	hyperhomocysteinemia;	HTN,	hypertension;	PIR,	pov-
erty‐to‐income	ratio;	RERI,	the	relative	excess	risk	due	to	interaction;	S	index,	synergy	index;	TC,	
total	cholesterol;	WC,	waist	circumference.
Crude	model:	no	adjustment;	multivariate	adjusted	model:	adjusted	by	age,	sex,	race,	education	
level,	PIR,	physical	activity,	drinking	frequency,	current	smoking	status,	TC,	HDL‐C,	serum	folate,	
vitamin	B12,	BMI,	WC,	and	DM.

TA B L E  4   Interaction	analysis	of	HTN	
and	HHcy	on	the	risk	of	CKD
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still	statistically	increased	in	patients	with	albuminuria	but	without	
reduced	eGFR	(Figure	1b),	and	HHcy	was	independently	associated	
with	the	occurrence	of	albuminuria	(Table	2).	Thus,	it	is	reasonable	
to	conclude	that	HHcy	and	CKD	may	initiate	a	vicious	circle	toward	
renal damage.

It	is	also	necessary	to	discuss	the	unusual	findings	in	Table	1	when	
interpreting	our	 results.	The	results	showed	that	 the	serum	creati-
nine	level	of	the	CKD	group	was	within	the	normal	range.	However,	
because	the	serum	creatinine	level	is	influenced	by	the	gender,	age,	
and	race,	we	believe	it	is	more	reasonable	to	regard	eGFR	rather	than	
serum	creatinine	 concentration	as	 the	 reflection	of	 renal	 function.	
The	 results	 revealed	 the	mean	 eGFR	 level	 in	 the	 CKD	 group	was	
lower	than	that	in	the	non‐CKD	group	but	still	higher	than	60	mL/

min	per	1.73	m*2.	However,	our	diagnosis	of	CKD	was	based	on	both	
reduced	eGFR	and	albuminuria.	According	to	the	results,	the	preva-
lence	of	albuminuria	(12.79%)	was	much	larger	than	that	of	reduced	
eGFR	(8.63%).	Therefore,	a	considerable	number	of	subjects	 in	the	
CKD	group	might	have	an	eGFR	≥	60	mL/min	per	1.73	m*2,	but	they	
still	suffered	from	albuminuria.	We	believe	this	 is	the	major	reason	
why	 the	CKD	group	still	had	a	serum	creatinine	within	 the	normal	
range	and	a	mean	eGFR	level	higher	than	60	mL/min	per	1.73	m*2.

Our	 study	 adopted	 a	 stratifying	 strategy	based	on	 gender	 dif-
ference	to	consolidate	the	results.	The	results	of	stratification	anal-
yses	were	displayed	in	Tables	S2‐S4.	In	Tables	S2	and	S3,	the	results	
were	consistent	with	the	major	findings	from	the	association	analy-
ses	 (Table	2)	and	the	 interaction	analyses	 (Table	3),	suggesting	the	
robustness	of	these	results.	However,	in	the	stratification	analyses	
of	RERI,	AP,	and	S	 index	 (Table	S4),	we	observed	some	difference	
from	Table	4.	In	males,	the	addictive	interaction	indexes	were	insig-
nificant.	However,	 they	 still	 displayed	a	 trend	 toward	 significance.	
Considering	the	relatively	small	simple	size	of	male	stratum,	we	be-
lieve	the	major	reason	of	this	insignificance	is	inadequate	power.	In	
females,	 the	 interaction	 indexes	were	 significant	 toward	CKD	and	
reduced	 eGFR,	 but	 insignificant	 in	 albuminuria.	 This	 intriguing	 re-
sult	may	suggest	the	synergistic	interaction	between	HTN	and	HHcy	
toward	 albuminuria	 does	 not	 exist	 in	 females.	 Nevertheless,	 the	
sample	size	of	females	is	half	of	the	total	population.	Therefore,	our	
findings	in	female	stratum	also	need	larger	studies	to	verify.

There	is	also	some	experimental	evidence	that	indirectly	sup-
ports	the	synergistic	interaction	between	HTN	and	HHcy	on	CKD.	
Firstly,	 researchers	 have	 found	 that	HHcy	may	 inhibit	 the	 vaso-
dilation	of	 renal	arteriole,	 thus	enhances	 the	damage	of	HTN	on	
the	 kidney.	HHcy	generates	 superoxide	 radicals	 and	 inhibits	 the	
activity	 of	 cellular	 antioxidant	 enzymes	 such	 as	 superoxide	 dis-
mutase.	 Therefore,	 HHcy	 inhibits	 the	 endothelial‐dependent	 ni-
tric	 oxide‐mediated	 relaxation	 of	 blood	 vessels.14,30	 Considering	
that	 nitric	 oxide‐mediated	 efferent	 arteriole	 dilation	 is	 an	 im-
portant	protective	mechanism	against	glomerular	hypertension,8 
combination	 of	HTN	 and	HHcy	may	 result	 in	 a	 rapid	 damage	 of	
renal	 function.	 Secondly,	 both	HTN	 and	HHcy	 promote	 the	 de-
velopment	 and	progression	of	 atherosclerosis,	which	 is	 a	 funda-
mental	pathophysiological	process	of	glomerulosclerosis.	On	the	
one	hand,	HTN	promotes	endothelial	dysfunction,	which	initiates	
atherosclerosis.31,32	On	 the	other	hand,	HHcy	 reduces	 the	nitric	
oxide	 availability,	 leading	 to	 lipid	peroxidation	 in	 vessels,	 and	 fi-
nally	accelerating	the	process	of	atherosclerosis.33,34	Thus,	the	co-
existence	of	HTN	and	HHcy	may	provide	a	suitable	environment	
for	 the	 rapid	 progression	 of	 atherosclerosis	 in	 renal	 arterioles,	
therefore	 accelerating	 the	 development	 of	 CKD.	 Although	 the	
above	explanations	may	support	our	findings,	we	still	 lack	direct	
experimental	 evidence.	 Thus,	 more	 related	 mechanistic	 studies	
are	needed	to	confirm	our	conclusion.

Our	 study	 still	 has	 some	 limitations	 that	 we	 have	 to	 mention	
when	interpreting	our	results.	Firstly,	due	to	the	cross‐sectional	de-
sign,	our	results	can	only	suggest	the	synergistic	interaction	between	
HTN	 and	 HHcy	 on	 CKD,	 but	 the	 underlying	 causality	 still	 needs	

F I G U R E  2   Illustration	of	the	addictive	synergistic	interaction	
between	HTN	and	HHcy	toward	CKD	and	its	components.	Group	
1:	non‐HTN	and	non‐HHcy;	Group	2:	HTN	and	non‐HHcy;	Group	
3:	non‐HTN	and	HHcy;	Group	4:	HTN	and	HHcy.	In	each	panel,	
Group	4	has	a	significant	higher	OR	for	the	outcome	(CKD,	reduced	
eGFR,	or	albuminuria),	and	a	considerable	portion	of	the	OR	in	
group	4	is	caused	by	the	effect	of	the	synergistic	interaction.	For	
CKD,	the	portion	is	41.5%;	for	reduced	eGFR,	the	portion	is	44.9%;	
for	albuminuria,	the	portion	is	29.5%.	CKD,	chronic	kidney	disease;	
eGFR,	estimated	glomerular	filtration	ratio;	ORs,	odds	ratios
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prospective	 studies	 to	 confirm.	 Secondly,	 the	 data	 for	 our	 study	
were	collected	at	least	13	years	ago.	The	prevalence	of	HTN,	HHcy,	
and	CKD	might	have	changed.	However,	because	the	NHANES	did	
not	collect	data	of	homocysteine	concentration	after	2008,	and	 it	
changed	 its	questionnaire	at	 the	 round	of	2007‐2008,	we	have	 to	
use	 the	 data	 from	1999	 to	2006.	 In	 addition,	we	believe	 that	 the	
underlying	mechanisms	of	the	synergistic	interaction	between	HTN	
and	HHcy	on	CKD	remain	unchanged	after	years.	Thirdly,	the	prev-
alence	 of	 CKD	 in	 the	 present	work	was	 slightly	 higher	 than	 15%.	
Therefore,	the	ORs	might	not	accurately	reflect	the	relative	risk,	and	
the	accuracy	of	our	results	could	be	influenced.	However,	because	
of	the	survey‐weighted	design,	we	could	not	conduct	 log‐binomial	
tests	or	Poisson	regressions	with	robust	variance	estimate	to	over-
come	this	drawback.	Instead,	we	performed	a	subgroup	analysis	by	
separating	CKD	into	reduced	eGFR	and	albuminuria.	Both	of	these	
2	CKD	components	had	a	prevalence	 less	 than	15%,	and	 their	 re-
sults	were	consistent	with	the	results	of	CKD.	Hence,	we	think	our	
conclusions	are	 still	 reliable.	Fourthly,	 the	data	of	eGFR	and	albu-
minuria	only	contained	onetime	assessment.	Thus,	our	diagnosis	of	
CKD	could	be	inaccurate.	However,	considering	that	the	data	were	
collected	through	a	standardized	procedure,	we	believe	the	data	are	
still	acceptable.	Fifthly,	some	examinations	were	conducted	repeat-
edly	at	different	rounds	of	NHANES	surveys,	so	these	examinations	
may	be	influenced	by	the	time	effect,	but	since	the	major	determi-
nants	(laboratories	and	equipment)	of	the	test	results	were	kept	in	
same,	we	believe	the	time	effect	will	not	cast	a	large	fluctuation	into	
our	results.	Sixthly,	although	the	homocysteine	data	from	1999	to	
2001	were	corrected,	their	inaccuracy	may	still	influence	the	results.	
However,	because	the	number	of	influenced	cases	is	relatively	small,	
a	stratification	analysis	is	unfeasible	in	the	present	work.	Since	the	
influenced	cases	only	constituted	a	small	part	of	the	total	population,	
and	the	data	were	corrected	before	analyses,	we	believe	the	results	
are	 still	 reliable.	 Seventhly,	 we	 did	 not	 do	 the	 power	 calculations	
in	 our	 study.	However,	we	 have	 used	 all	 of	 the	 available	 subjects	
from	NHANES	since	the	protocol	was	changed	from	2007,	and	our	
study	enrolled	a	total	of	13	693	participants,	we	believe	this	number	
also	enables	our	results	to	have	a	considerable	power.	Lastly,	as	the	
same	with	other	observational	studies,	unmeasured	risk	factors	can	
bring	bias	into	our	work.	For	example,	the	NHANES	1999‐2006	did	
not	 collect	 useful	 data	 regarding	 the	 salt	 intake;	 then,	 our	 results	
might	be	influenced	by	the	difference	of	salt	intake	between	groups.	
Therefore,	larger	studies	containing	more	potential	moderators	are	
needed	to	verify	our	results.
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