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ABSTRACT

Background: Numerous studies based on assessment of lithium clearance demonstrated higher
sodium reabsorption in renal proximal tubules in individuals with hypertension, overweight, obesity,
metabolic syndrome, or diabetes.

Aims: We aimed to assess the influence of angiotensin-converting enzyme inhibitors (ACE-I) or
angiotensin-ll-receptor antagonists (ARB) treatment on sodium handling.

Methods: In a sample of 351Caucasian subjects without diuretic treatment with prevailing sodium
consumption, we studied associations between renal sodium reabsorption in proximal (FPR ) and
distal (FDR, ) tubules assessed by endogenous lithium clearance and daily sodium intake measured
by 24-hour excretion of sodium (U,_V), in the context of obesity and long-term treatment with
ACE-I or ARB.

Results: In the entire study population, we found a strong negative association between FPR_and
ACE-I/ARB treatment (b = -19.5; SE = 4.9; P <0.001). Subjects with FPR_ above the median value
showed a significant adverse association between FPR_and age (b = -0.06; SE = 0.02; P = 0.003),
with no association with ACE-I/ARB treatment (P = 0.68). In contrast, in subjects with FPR_ below
the median value, we found a strongly significant adverse relationship between FPR_ and ACE-I/ARB
treatment (b = -30.4; SE = 8.60; P <0.001), with no association with age (P =0.32).

Conclusions: ACE-I/ARB long-term treatment modulates FPR,_ in the group with lower reabsorption,
but not in that with higher than median value for the entire study population.

Key words: ACE-I/ARB treatment, endogenous lithium clearance, sodium handling

INTRODUCTION
Sodium handling is characterized by osmolite
excretion with anti-parallel water reabsorp-
tion that is achieved through interactions
of multiple factors and undergoes complex
regulation. Lithium ions undergo filtration
in renal glomeruli, while their reabsorption
takes place almost exclusively in proximal
tubules. Because transporting lithium through
cellular membranes involves the same mecha-
nisms as transporting sodium and water,
lithium clearance is a very accurate marker

of fractional sodium reabsorption in renal
tubules. High lithium clearance indicates
a better ability to excrete sodium from the
corresponding tubule [1]. Numerous studies
based on assessment of lithium clearance
demonstrated higher sodium reabsorption
in renal proximal tubules in individuals with
hypertension, overweight, obesity, metabolic
syndrome, or diabetes [2-4]. Among the fac-
tors influencing sodium handling, the impact
of angiotensin-converting enzyme inhibitors
(ACE-l) and angiotensin-ll-receptor antago-
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WHAT'S NEW?

In a large group of Caucasian subjects without diuretic treatment, we demonstrated associations between long-term treatment
with angiotensin-converting enzyme inhibitors (ACE-I) or angiotensin-ll-receptor antagonists (ARB) and renal sodium reabsorp-
tion in proximal tubules as assessed by endogenous lithium clearance. Treatment with ACE-I/ARB modulates proximal sodium
reabsorption in the group with reabsorption that is lower than the median value for the entire study population, but not in the
group with higher reabsorption. Therefore, we concluded that the effect of ACE-I/ARB treatment on sodium reabsorption in
proximal tubules may be one of the antihypertensive effects of this class of drugs.

nists (ARB) has not yet been fully explained. The impact of
short-term usage of ACE-I/ARB on renal sodium reabsorp-
tion has been analyzed in individual studies and has yielded
variable results [5-9]. Notably, the effect of ACE-I/ARB on
sodium handling was dependent on sodium intake, with
a significantly stronger effect in people with lower sodium
consumption; however, the intensity of the effect did not
depend on the dosage of the medication [5, 6]. In previous
research assessing the impact of sodium handling and
concomitant left ventricular diastolic dysfunction and
insulin resistance on blood pressure and arterial stiffness
in individuals without diuretic treatment, the results were
adjusted for antihypertensive treatment [10, 11].In several
population-based studies and observational studies includ-
ing hypertensive patients, those from Central and Eastern
European countries had moderate-to-high sodium intakes
[12]. Currently, we set out to investigate whether long-term
treatment with ACE-l or ARB and possibly other confound-
ing factors influence sodium handling in a large group of
subjects with prevailing sodium intake. To the best of our
knowledge, no similar studies have been published thus far.

METHODS

Study population

In the years 2010-2015, as part of our research grants,
we enrolled 490 subjects: 135 hypertensive patients
followed up at a tertiary outpatient hypertension center
[10], 52 obese patients awaiting bariatric surgery [13], and
303 subjects from the general population, participants of
the family-based long-term observational study, with the
last follow-up data collection between 2012 and 2014 [14].
The patients with a history of malignancy, decompensated
long-term diseases, cardiomyopathy of unknown etiology,
hemodynamically significant valvular heart disease, or sec-
ondary hypertension were excluded from the study. Based
on a questionnaire, information about the type of currently
used long-term antihypertensive treatment was gathered.
Some of the questionnaire data, regarding patients under-
going ambulatory treatment, did not include information
about the dosages of their medications; therefore, the
analysis included only medication class without taking into
account the dosage. To avoid interference between sodium
excretion/reabsorption and the use of diuretic agents,
only the participants not receiving diuretic treatment
(357 subjects) were included in the study. In the morning,

afasting blood sample was obtained from each participant
for biochemical serum measurements. Each participant
recruited to the study completed a 24-hour urine collec-
tion to measure the 24-hour excretion of sodium UV,
creatinine, and lithium. The methodology of renal sodium
handling assessed by lithium clearance measurements has
been previously described [10, 15].

Six patients were excluded from the statistical analysis:
2 because of failure to complete the urine collection and
4 because of high serum lithium levels (>2.0 umol/l) and
urinary lithium levels (>25.0 umol/l) that may have indicat-
ed external contamination or high dietary lithium intake.
Thus, 351 subjects were included in the statistical analysis.

Ethics

This study protocol was reviewed and approved by the
Bioethical Committee of the Jagiellonian University (ap-
proval numbers: KBET/141/B/2009, KBET/155/B/2011,and
KBET/57/B/2010). The study was conducted in accordance
with the ethical principles of the Declaration of Helsinki.
Written informed consent was obtained from all partici-
pants included in the study.

Statistical analysis

Database management and statistical analyses were per-
formed using SAS System 9.3 software (SAS Institute Inc.,
Cary, NC, US). The distributions of the analyzed quantita-
tive variables were compared with the normal distribution
using the Shapiro-Wilk and Kolmogorov-Smirnov tests. In
the descriptive statistics, the quantitative data were ex-
pressed as mean values and standard deviations (for the
data with normal distribution) or as median values and
interquartile ranges (for the data that did not fulfill the
criteria of normal distribution). The qualitative data were
expressed as proportions. To compare the mean values
in the groups of patients, Student’s t-test was used.
Alternatively, the Wilcoxon test was used in the case of
skewed distribution of quantitative variables in some
subgroups. The x2 Pearson’s test or Fisher’s test were used
for qualitative variables. The correlations of quantitative
sodium parameters were analyzed using the standardized
Spearman correlation analysis. General linear models
were used to obtain the mean values of sodium parame-
ters. Multiple linear regression analysis was performed to
identify the factors associated with the analyzed sodium
parameters (FPR_, FDR, U V) in the whole study group
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and the subgroups with FPR, FDR, and U,V below and
above the median values.

RESULTS

Characteristics of the study population

The study population involved 351 individuals, including
158 men (45.0%) and 193 women (55.0%).The mean (stand-
ard deviation) age for the whole group was 47.6 (15.6) years,
body mass index (BMI) was 27.9 (7.0) kg/m?, and the num-
ber of patients treated with ACE-l or ARB was 75 (21.4%).
The estimated median value of 24-hour sodium intake,
assessed on the basis of 24-hour urine collection UV
was 153.6 (113.9-200.2) mmol. The median values of frac-
tional lithium excretion (FE ), renal sodium reabsorption
in proximal (FPR ) and distal (FDR ) tubules, assessed by
endogenous lithium clearance were 17.9% (12.7-25.1%,)
82.1% (74.9-87.3%), and 96.3% (94.3-97.6%), respectively.

Factors determining sodium parameters

and their mutual relations

Inthe available literature, two markers of sodium reabsorp-
tion in proximal tubules, such as FE  and FPR_ have been
described, and both of them were analyzed separately to
assess their mutual dependence and relationships with
other parameters of lithium and sodium management.
The correlation analyses were conducted in the whole
group and in the subgroups identified on the basis of the
median values of sodium handling parameters. As the
correlation between FE  and FPR_ in the whole group as
well as in groups divided according to the medians reached
the value of r = 1.0 (P <0.001), in subsequent analyses, the
FPR,, parameter was used to facilitate interpretation
of results, reflecting the co-linearity between the value
of FPR,, and the magnitude of sodium reabsorption in
the proximal tubules.

In the whole group, above and below the median value
of FPR, FPR, showed a significant negative relationship
with lithium clearance (r = -0.64; P <0.001; r = -0.35;
P<0.001and r=-0.57; P <0.001), respectively. FDR_ in the
whole group and after division by the median showed a sig-
nificant positive relation with lithium clearance (r = 0.39;
P <0.001;r=0.51; P<0.001 and r = 0.43; P <0.001), respec-
tively. In the whole group and in the subgroups above
and below the median value of FPR, FPR _ did not show
a significant relation with UV (r=0.08; P=0.12;r = 0.12;
P=0.10and r=0.11; P=0.14), respectively. FDR  showed
asignificant negative relation with U, Vin the whole group
(r=-0.45; P <0.001), and the subgroups above (r =-0.31;
P <0.001) and below (r =-0.32; P=0.001) the median.

Determinants of renal sodium handling

Based on the obtained data, sodium handling parameters
i.e. dietary sodium intake (reflected by U, V) and sodium
reabsorption in renal tubules (reflected by endogenous
lithium parameters, that is, FPR_ and FDR ), were stand-

Table 1. Clinical characteristics of the study population, biochemi-
cal studies in serum, 24-hour urine collection, and the parameters
obtained using endogenous lithium clearance, divided by FPR
median

FPR, <median | FPR > median
n=176 n=175

Clinical characteristics

Age, years 48.9 (15.5) 46.2 (15.5) 0.11
Male, n (%) 74 (42.1) 84 (48.0) 0.26
Height, cm 168.5 (9.6) 170.2 (9.0) 0.07
Weight, kg 80.5(22.1) 79.9 (20.8) 0.80
BMI, kg/m? 28.3(7.2) 27.5(6.8) 0.31
Waist, cm 94.2 (18.2) 93.7 (16.3) 0.79
Hip, cm 106.2 (13.0) 105.6 (12.9) 0.69
WHR 0.88 (0.10) 0.88 + (0.09) 0.87
Serum and 24-hour urine parameters

Sodium, mmol/I 139.8 (2.1) 139.9 (2.2) 0.65
Creatinine, pmol/| 72.2(13.2) 71.9 (14.6) 0.82
Volume, ml 1615.9 (611.3) 1504.3 (579.9) 0.08
Sodium excretion, mmol 165.3 (79.1) 165.3 (64.1) 0.99
Creatinine excretion, 11.5(4.1) 15.2(15.1) 0.002
mmol

Sodium clearance, ml/ 0.8 (0.4) 0.6 (0.3) 0.98
min/1.73 m?

FENE, % 0.8(0.3) 0.6 (0.3) 0.001
Creatinine clearance, ml/ 116.6 (32.1) 130.6 (35.9) 0.13
/min/1.73 m?

Endogenous lithium clearance

Serum lithium, pumol/I 0.07 (0.2) 0.15(0.4) 0.05
Urine lithium, pmol/I 2.1(34) 1.9(4.3) 0.66
Lithium excretion, 9.1(8.1) 7.9(13.3) 0.30
umol/24 h

Lithium clearance, ml/ 27.7 (20.6-40.6)  14.3(11.2-19.3)  0.001
min/1.73 m?

FE. % 25.1(20.7-36.9) 12.7(9.7-15.7)  0.001
FDR,,, % 97.4 (96.4-98.3) 94.7 (92.8-96.3)  0.001
FPR,, % 749 (63.1-79.2)  87.3(84.3-90.3)  0.001
Antihypertensive treatment

ACE-, n (%) 41(233) 22(12.6) 0.008
ARB, n (%) 5(2.8) 7 (4.0) 0.55
CCB, n (%) 27(15.3) 15 (8.6) 0.05
BB, n (%) 41(23.3) 30(17.1) 0.15
Hypoglycemic treatment, 4(2.3) 4(2.3) 0.42
n (%)

The data are presented as arithmetical means (standard deviations), percentages,
or median values with interquartile ranges

Abbreviations: BB, beta-blockers; BMI, body mass index; CCB, calcium channel bloc-
kers; FDR, fractional distal sodium reabsorption; FE, fractional lithium excretion;
FE,,, fractional sodium excretion; FPR, fractional proximal sodium reabsorption;
WHR, waist-to-hip ratio

ardized for age, sex, BMI, hypoglycemic treatment, antihy-
pertensive treatment with beta-blockers, calcium channel
blockers, and ACE-Is/ARBs. The analyses were conducted
in the whole group and the subgroups with UV, FPR,
and FDR, above and below the median value. Clinical,
biochemical, and medication characteristics of the study
group divided by FPR,_ are summarized in Table 1.

The multiple regression analyses performed in the
entire population showed a strong negative association
between FPR A and ACE-I/ARB treatment (b =-19.5; SE=4.9;
P <0.001), with no relationship to other parameters. When
we subdivided the study group according to the median
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Table 2. Determinants of renal sodium handling

R? 0.1 0.1 0.05

0.007 0.02

Partial regression coefficient (SE)

Age, years 0.05(0.1) 0.2(0.2) -0.06 (0.02)° 0.007 (0.01) 0.2(0.3)
Sex (male) -43(3.3) -74(6.1) -0.1(0.6) 1.0 (0.3) -57.0 (7.5)
BMI, kg/m? -0.3(0.3) -0.8(0.4) 0.002 (0.02) 27.7 (7.6) 1.0 (0.6)
Hypoglycemic treatment 7.4(7.6) 7.9(13.7) 1.3(01.4) -1.0(0.7) 11.9(17.3)
Treatment with BB 6.9 (4.7) 10.8 (7.9) -0.9(1.0) 0.03 (0.4) -1.8(10.8)
Treatment with CBB 1.1 (5.6) 7.0(9.4) 14(1.1) -0.3(0.5) 53(12.8)
Treatment with ACE-I/ARB -19.5 (4.9)° -30.4 (8.6) 0.1(0.9) 0.4 (0.4) 1.4(11.2)

Significance of the partial regression coefficients: 2P <0.05; °P <0.01; <P <0.001

Abbreviations: see Table 1
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Figure 1. Associations between sodium reabsorption in proximal tubules and ACE-I/ARB treatment according to the median value of FPR,,

The data are presented as arithmetic means (standard deviations)

Parameters of fractional sodium reabsorption in renal proximal tubules (FPR,,) with reference to angiotensin-converting enzyme inhibitors
(ACE-l)/angiotensin-Il-receptor antagonists (ARB) treatment, in the whole group and in the subgroups divided by the median values of FPR .
The data in groups divided relative to ACE-I/ARB treatment were crude and standardized for age, sex, body mass index, hypoglycemic treat-

ment, antihypertensive treatment with beta-blockers, calcium channel blockers, and ACE-Is/ARBs.

value of FPR, individuals with higher sodium reabsorption
in proximal tubules showed a significant adverse associa-
tion between FPR_and age (b =-0.06; SE=0.02; P=0.003),
with no association with ACE-I/ARB treatment (b = 0.1;
SE =0.9; P =0.90). On the contrary, in subjects with FPR _
below the median value, we found a strong significant neg-
ative relationship between FPR _and ACE-I/ARB treatment
(b=-30.4; SE=8.6; P <0.001), with no association with other
parameters (Table 2). In these analyses, FPR was signifi-
cantly associated with long-term ACE-I/ARB treatment in
individuals in whom sodium reabsorption in proximal tu-
bules was lower than the median value for the entire study
population. In contrast, only in these individuals whose
proximal sodium reabsorption was higher than the median
value, FPR_was significantly associated with age. However,
that association was not apparent in the whole studied
group. As statistically significant relationships were found,
we conducted additional analyses using adjusted analysis

www.journals.viamedica.pl/kardiologia_polska

of variances (ANOVA) for the whole group of subjects and
in the subgroups according to median values of FPR_, with
respect to ACE-I/ARB treatment (Figure 1).

Sensitivity analysis, conducted in the groups divided
by sex (P <0.03 in sex groups above the median value of
FPR,, and P <0.05 in sex groups below the median value of
FPR,,) and by the median of UV, confirmed the relation-
ship between FPR _ and ACE-I/ARB treatment. In subjects
with UV below the median value, a significant negative
relationship between FPR  and ACE-I/ARB treatment
was demonstrated (b = -31.2; SE = 9.04; P <0.001), with
no association in the group with U,V above the median
value (b = -8.23; SE = 4.42; P = 0.08). Sensitivity analysis
performed in individuals with U,V above the median value
did not confirm prior findings for age (b =-0.14; SE=0.11;
P = 0.23). Determinants of renal sodium handling in rela-
tion to FDR and UV are presented in Table 2, with no
relationship with ACE-I/ARB treatment.

49



POLISH HEART JOURNAL (KARDIOLOGIA POLSKA)

DISCUSSION

In a large group of Caucasian subjects without diuretic
treatment with prevailing sodium consumption, we
demonstrated the associations between long-term treat-
ment with ACE-l or ARB and renal sodium reabsorption
in proximal tubules as assessed by endogenous lithium
clearance. Treatment with ACE-I/ARB modulates FPR_in
the group with lower reabsorption, but not in that with
reabsorption higher than the median value for the entire
study population. Sensitivity analysis, conducted in the
groups divided by sex and median of daily sodium excre-
tion confirmed the abovementioned relationships. The
results of the study, therefore, allow us to assume that the
effect of ACE-I/ARB treatment on sodium reabsorption in
proximal tubules may be one of antihypertensive effects
of this class of drugs.

The processes of sodium excretion and reabsorption
undergo complex regulation. The method of a single
measurement of sodium in a 24-hour urine sample was
considered for many years a gold standard [16]; however, in
light of the newest studies, it has been found to be suscep-
tible to the possibility of significant measurement errors. It
turned out thata single U, .V measurement does not reflect
daily sodium intake, and the measurement error can be as
high as 3.0 g NaCl/day [17], which indicates the necessity of
taking multiple measurements [18] and using alternative
measurement methods. One of the alternative methods
of assessing sodium handling could be the technique of
measuring daily endogenic lithium clearance. Studies in
animal models showed that under steady-state conditions,
evaluation of proximal renal sodium reabsorption can be
free of measurement bias [19]. Expression of renal clear-
ance of lithium as fractional excretion provides a measure
that is factored for the glomerular filtration rate (GFR) and
free of possible bias such as incomplete urine collection
or difference in the urinary flow rate [20]. In clinical trials,
most researchers prefer to use FE  [2-4], which represents
clearance of lithium divided by the glomerular filtration rate
assessed by creatinine clearance, rather than FPR _[21, 22],
which is a surrogate taking into account the value of FE__.

Extensive research suggests that higher FPR_has been
found in individuals with abdominal adiposity, metabolic
syndrome, diabetes, or insulin resistance [2-4]. Schwotzer
et al. [23] analyzed the influence of insulin resistance as-
sessed by adipokines (leptin and adiponectin) on sodium
handling parameters in a group of untreated people of
African descent. They found that leptin was positively
associated with UV and FPR, and sex and obesity were
the major confounders of that association. In a recently
published study performed in a group of 1409 untreated
participants in relation to environmental and genetic
factors, both FE and FDR were significantly associated
with season and humidity, but not with outdoor tempe-
rature or atmospheric pressure. After adjustment for host
and environmental factors, among the 19 studied genetic
variants, only one of them — rs12513375 was significantly

associated with FE, and FDR_ and accounted for 1.7 % of
the variance [24].

Kidneys have many angiotensin Il (Ang Il) receptors,
whose activation alters hemodynamics, glomerular per-
meability, and urinary electrolyte excretion. In animal and
human models, infusion of Ang Il results in a decrease
of renal flow and subsequent reduction of GFR due to
vasoconstriction. Moreover, Ang |l directly affects the
glomerulus, leading to a reduced ultrafiltration index and
GFR [25, 26]. These mechanisms, together with the direct
effects of Ang Il on renal tubules, lead to decreased urinary
sodium excretion and stimulation, firstan increase in FPR,,
and lateranincrease in FDR_[26]. ACE- have the opposite
effect and tend to enhance both absolute and fractional
sodium excretion [27]. Hollenberg et al. [5] demonstrated
that a single dose of captopril (of 5 to 100 mg) increases
renal blood flow, maintains GFR, and enhances sodium
excretion. This effect was more pronounced in subjects with
high activity of the renin-angiotensin-aldosterone system
(which is physiological in people on a low-sodium diet),
and the higher doses of ACE-I prolong the duration of the
drugimpact on renal function, but they do not enhance the
magnitude of response to ACE-I. In the available literature,
only limited studies use the lithium clearance technique to
establish effects of short-term ACE-I treatment on sodium
reabsorption in renal tubules. In a group of 32 patients with
essential hypertension who received 2-week placebo and
then 4-week open-label ACE-I treatments, GFR, renal plas-
ma flow, and lithium clearance were measured after orally
administrated lithium to establish the degree of sodium
reabsorption in renal tubules. It transpired that short term
ACE-I treatment significantly reduced sodium reabsorption
in proximal tubules [9]. In the literature, however, no works
have assessed the impact of long-term ACE-Is treatment
on renal sodium reabsorption using endogenic lithium
clearance. Regarding ARBs, Burnier et al. [6] performed
a detailed review of the effects of single-dose of 100 mg
of losartan vs. placebo on hemodynamics and renal reab-
sorption of sodium assessed using endogenous lithium
clearance. They suggested a direct relationship between
the renin-angiotensin-aldosterone activity caused by so-
dium consumption and the magnitude of the drug effect,
mainly expressed in distal renal tubules. In a subsequent
study of 10 hypertensive patients receiving 50 mg of losar-
tan daily for T month, the results were different, suggesting
that FPR  ratherthan FDR _isinfluenced by the treatment
[8]. Similar to ACE-l, none of the studies assessed the im-
pact of long-term treatment with ARBs on renal sodium
absorption as measured by endogenic lithium clearance.
In our study, performed in a group of 351 subjects with
prevailing sodium consumption, we found that the long-
term treatment with ACE-I/ARB strongly influences FPR _in
the subgroup with lower sodium reabsorption and in the
subgroup on a low sodium diet. A combined analysis of
the impact of ACE-l and ARB on parameters of endogenic
lithium clearance appears to be a sensible approach. Only
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one study conducted on a group of 10 healthy volunteers,
found that a one-time administration of 20 mg of enalapril
and a subsequent administration of 50 mg of losartan did
not significantly affect endogenic lithium clearance param-
eters [7]. Otherwise, it appears that in relation to synergistic
effects of medications on pressure and hormonal para-
meters, their impact on lithium and sodium reabsorption
is also synergistic and might only become apparent after
a longer period of use.

Our results should be interpreted in the context of
the strengths and limitations of this study. The presented
group of 351 people is, as far as we are aware, the largest
group in which analysis of factors influencing sodium
management taking into account long-term ACE-I/ARB
treatment as measured by endogenic lithium clearance
was performed. However, this group, free from diuretic
treatment, was not homogeneous — 19.9 % were recruited
from patients with long-standing treated hypertension,
7.7% from patients with morbid obesity qualified for bari-
atric surgery, and 72.4% from the general population. The
percentage of people undergoing ACE-I/ARB treatment
in the study group was 21.4%. Additionally in the group
recruited from the general population, comprising 42.7%
of people undergoing ACE-I/ARB treatment, no information
regarding the dosages of administered antihypertensive
medication was gathered. The lack of this information
made it impossible to assess the impact of ACE-l and ARB
dosage on sodium handling parameters. Our previous
studies using the endogenous lithium technique [10, 11]
took into account antihypertensive treatment in the stand-
ardization. In light of the aforementioned results, it would
appear, that standardization should be narrowed down to
ACE-land ARB medications, especially in populations with
low or moderate sodium consumption.
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