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Editorial on the Research Topic
Glomerular filtration rate in Chronic Kidney Disease

Chronic Kidney Disease (CKD) is defined as “abnormalities of kidney structure or
function, present for more than 3 months, with health implications” and is classified
according to the cause, the glomerular filtration rate (GFR) category, and the magnitude
of albuminuria (1). So, the diagnosis of CKD progression is based on two key parameters:
GFR and the presence and extent of albuminuria. GFR is considered the best global index
of renal function since its decrease usually correlates with functional renal mass. GFR can
be easily estimated (eGFR) through equations that include endogenous analytes such
as creatinine or cystatin C, alone or combined, and anthropometric and demographic
factors. At the individual level, the accuracy of an eGFR equation is defined as (p30),
which means that around 85% of GFR determinations are within £30% of mGFR. eGFR
should not be used when extreme body composition is present, such as patients with
anorexia nervosa, cirrhosis, debilitated elderly, severe obesity, or when there is a need to
administer nephrotoxic drugs with a narrow therapeutic option. When necessary, mnGFR
can be measured using radioisotopes or contrast media.

The understanding that a reliable and consistent GFR estimation (which means
reproducibility under the same conditions) is central for the practice of nephrology in
particular and medicine in general. Taking into account its limitations, at present, eGFR
is not only a powerful tool for identifying CKD, but it has become fundamental for
physicians for early detection, clinical diagnosis, monitoring of progression, indication
for admission to replacement therapy, calculation of the dose of drugs excreted by the
kidney, and in preparation for invasive diagnostic or therapeutic procedures. As an
epidemiological tool, eGFR is not only a simple method to estimate the global burden
of CKD, but an instrument for identifying risk factors for progression, understanding
the epidemiology of kidney disease concerning different social groups (particularly
vulnerable ones), and establishing public policies that intend to reduce CKD at the
population level. In kidney disease investigation, it is necessary to determine the risks
and benefits of new drugs over CKD progression.
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This volume includes several updates on different aspects of
GFR in CKD. The evolution from the physiologic concept of
glomerular filtration until its measurement through GFR and
its present use as a clinical and epidemiological health tool; to
estimate GFR in different populations and clinical situations,
such as in pediatrics, older adults, and kidney donors and in
obese patients and individuals born with low birth weight, all are
detailed in several manuscripts. There is also a good update on
different equations for eGFR at different pediatric and adult ages.

It is known, at least since the beginning of the century,
that CKD increases the risk of cardiovascular disease and vice
versa, as both diseases not only share some cardiovascular risk
factors (2) but because each one is a risk factor for the other.
The complex variety of mechanisms leading from vascular injury
to CKD and from CKD to vascular injury are described, in
particular the two-way path between arterial stiffness and renal
dysfunction. About living kidney donors, there is little consensus
and no evidence about what is considered an appropriate GFR
for accepting someone as a kidney donor. mGFR, though the
gold standard, is not available everywhere. A combination of
two methods is suggested (for example, creatinine clearance
and eGFR).

The volume also includes several research articles.

Once again, it was confirmed that metabolic acidosis, defined
as a serum bicarbonate level < 22 mmol/l is an independent risk
factor for kidney progression.

Serum uromodulin (sUmod), a biomarker of tubular
mass and kidney function, in patients referred for coronary
angiography showed a linear increase in all-cause and CV
mortality, from the group with high sUmod-high eGFR < Low
sUmod-High eGFR < High sUmod-low GFR < low sUmod-low
eGFR was found. The conclusion was that sUmod additionally to
creatinine or cystatin C enables a more precise risk modeling for
all-cause and CV mortality.

Using data from the NANES 2017-2018, the interactive
impacts of smoking (a modifiable risk factor) and sleep on
kidney function were studied in a cross-sectional study; the
results showed that normal sleep duration was a protective and
more crucial factor for non-smokers than for smokers.

The study about uric acid and impairment of renal function
in non-diabetic hypertensive patients concluded a uric acid level
>7.5 mg/dl is a probable optimal cutoff value for predicting
kidney function deterioration.

In older adults with CKD followed longitudinally, the
patent of deterioration of GFR and malnourishment predicted
mortality and kidney failure.

Finally, two manuscripts focused on the novel effects
of two drugs in CKD: Sodium-Glucose Cotransporter 2
inhibitors (SGLT2i) or gliflozins, and vitamin D. About
the SGLT2i, the different proposed mechanisms of action
which would result in improving cardiac and renal
outcomes are described. Briefly: SGLT2i inhibits renal
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glucose reabsorption at the proximal tubules by blocking
the SGLT2 cotransporters; the resulting glycosuria reduces
hyperglycemia and improves Hbpj.. The simultaneous
increase in sodium excretion reverses the tubule-glomerular
feedback, reducing the mechanism of damage of glomerular
hyperfiltration and slowing the progression of CKD. Calorie
loss from glycosuria results in weight loss, increased insulin
sensitivity, enhanced lipid metabolism, and probably lessened
lipotoxicity. Metabolism moves toward gluconeogenesis and
ketogenesis, two probably protective effects for the heart and
the kidneys.

The manuscript Non-classical Vitamin D Actions for Renal
Protection aimed to update on CKD-induced alterations in
both systemic and local bioactivation of vitamin D and
calcitriol actions, and to develop strategies to effectively reduce
the progression of CKD, without considering the extent of
secondary hyperparathyroidism but attenuating its most potent
inducers: systemic inflammation, arterial hypertension, and
renal and CV damage. The pathophysiology that causes the
reduction mediated by calcitriol/ VDR (vitamin D receptor) in
the proinflammatory and hypertensive signals not related to the
decrease in klotho was analyzed.

Some conclusions emerge from this volume:

e GFR continues to be a powerful tool for the diagnosis and
follow-up of CKD patients and as an epidemiology tool.

e Physicians should be alert about clinical situations where
persistent hyperfiltration is present as a mechanism of
damage (low birth weight, kidney donors, aging, obesity,
CKD, etc.).

e Scopes and limitations of eGFR must be known, so as to
identify when mGFR should be preferred.

e Kidney function deterioration increases the risk of CV-
related death in CKD and other non-communicable
chronic diseases.

e New drugs, like gliflozins, will contribute to reducing
both the progression of CV disease and CKD, added
to angiotensin-converting enzyme (ACE) inhibitors or
angiotensin II receptor antagonists.

What can we expect about eGFR in the near future?
Probably GFR estimation should advance to population-
type specific equations, with the race component resolved.
In obesity stages II and III, the research could conclude in
original formulas for estimating GFR and resolve the doubt
about standardizing or not to body surface area. Finally,
the recent description of the shrunken pore syndrome,
diagnosed by a ratio eGFRcystatin C/eGFRcreatinine < 0.60
(3), which can happen without proteinuria, reinforces
applying both formulas. Future CKD guidelines probably
will delineate when the simultaneous use of both equations
is needed.
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Background: We aimed to evaluate serum bicarbonate as a risk factor for renal
progression, cardiovascular events, and mortality in Korean CKD patients.

Methods: We analyzed 1,808 participants from a Korean CKD cohort whose serum
bicarbonate levels were measured at enrollment. Serum bicarbonate levels were
categorized as low, lower normal, higher normal, and high (total carbon dioxide <22,
22-26, 26.1-29.9, and >30 mmol/L, respectively) groups. Metabolic acidosis was
defined as a serum bicarbonate level <22 mmol/L. The primary outcome was renal
events defined as doubling of serum creatinine, 50% reduction of eGFR from the baseline
values, or development of end-stage kidney disease. The secondary outcome consisted
of cardiovascular events and death. In addition, patients whose eGFR values were
measured more than three times during the follow-up period were analyzed for eGFR
decline. The rapid decline in eGFR was defined as lower than the median value of the
eGFR slope.

Results: The mean serum bicarbonate level was 25.7 + 3.7 mmol/L and 240 (13.2%)
patients had metabolic acidosis. During the follow-up period of 55.2 + 24.1 months,
545 (30.9%) patients developed renal events and 187 (10.6%) patients developed
a composite of cardiovascular events and death. After adjustment, the low serum
bicarbonate group experienced 1.27 times more renal events than the lower normal
bicarbonate group [hazard ratio (HR): 1.27; 95% Cl: 1.01-1.60, P = 0.043]. There was
no significant association between the bicarbonate groups and the composite outcome
of cardiovascular events and death. The low bicarbonate group showed a significantly
rapid decline in eGFR [odds ratio (OR): 2.12; 95% CI: 1.39-3.22, P < 0.001] compared
to the lower normal bicarbonate group.
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Metabolic Acidosis and Renal Progression

Conclusions:

Metabolic acidosis was significantly associated with increased renal

events and a rapid decline in renal function in Korean predialysis CKD patients.

Keywords: metabolic acidosis, serum bicarbonate, chronic kidney disease, renal progression, renal function

decline

INTRODUCTION

The kidney plays a major role in the maintenance of acid-
base balance (1). Therefore, metabolic acidosis is common in
cases of decreasing renal function (2). Metabolic acidosis is
usually presented as a lowered serum bicarbonate level. In
previous studies, when metabolic acidosis was defined as a serum
bicarbonate level <22 mmol/L, 2.3-13%, and 19-37% of patients
with chronic kidney disease (CKD) stage 3 and 4, respectively,
showed metabolic acidosis (3, 4). Metabolic acidosis in CKD
has several adverse effects, such as chronic inflammation, bone
disease, impaired glucose tolerance, muscle wasting, and possible
deleterious consequences of cardiovascular (CV) disease (2, 5).

Metabolic acidosis can also be associated with an accelerated
progression of CKD. Acid retention decreases the pH of the
renal interstitial and intracellular compartments, causing a rise
in the renal levels of angiotensin II and aldosterone, endothelin,
ammonia with activation of complement, and proinflammatory
cytokines, which are the factors involved in promoting renal
fibrosis and injury (6). Previous studies showed that low serum
bicarbonate levels were associated with the progression of CKD
in outpatients (9% had underlying CKD) (7). Another study
showed that low serum bicarbonate levels were associated with
the progression of CKD or development of incident CKD in
community-living elders (8). The Chronic Renal Insufficiency
Cohort (CRIC) study, an observational longitudinal study of US
CKD patients, showed that the risk of developing a renal outcome
was 3% lower per mEq/L increase in serum bicarbonate (9).
Lower serum bicarbonate levels were independently associated
with rapid decline in kidney function in non-CKD (10) or CKD
patients (11).

Serum bicarbonate levels can also affect CV events and
mortality. Both low and high serum bicarbonate levels were
associated with increased all-cause mortality in US veterans with
moderate and advanced CKD (12). In the CRIC study, metabolic
acidosis was correlated with a nominally higher risk of mortality
(26%); this result was not statistically significant (13). The risk
of heart failure and death was significantly elevated in patients
with serum bicarbonate levels >26 mmol/L in the CRIC study
(13). There is little data on the long-term clinical outcomes of
metabolic acidosis in Korean CKD patients. Therefore, we aimed
to investigate the association between metabolic acidosis and
renal progression, all-cause mortality, and CV outcomes in CKD
patients using data from a large-scale Korean CKD cohort.

METHODS

Study Design and Population
The KoreaN Cohort Study for Outcome in Patients With Chronic
Kidney Disease (KNOW-CKD) was a Korean multicenter

prospective cohort study that enrolled subjects with CKD stages
1-5 (predialysis) from nine major university-affiliated hospitals
in Korea. The detailed study design and methods of the KNOW-
CKD have been described previously (14). Among the 2,238
participants registered in the KNOW-CKD between 2011 and
2016, we included 1,808 subjects whose serum bicarbonate levels
were obtained at enrollment. The study protocol was approved by
the ethical committee of each participating clinical center and the
institutional review boards of Seoul National University Hospital
(1104-089-359), Seoul National University Bundang Hospital (B-
1106/129-008), Yonsei University Severance Hospital (4-2011-
0163),, Kangbuk Samsung Medical Center (KC110IMI0441),
Seoul St. Mary’s Hospital (KC110IMI0441), Gil Hospital
(GIRBA2553), Eulji General Hospital (201105-01), Chonnam
National University Hospital (CNUH-2011-092), and Pusan Paik
Hospital (11-91) in 2011. All study subjects provided written
informed consent. The study protocol was in accordance with the
principles of the Declaration of Helsinki.

Clinical Data Collection and Laboratory

Measurements

Baseline demographic characteristics such as age, sex, body
mass index (BMI), cause of CKD, smoking, comorbidities,
and laboratory data at enrollment were extracted from an
electronic data management system (http://www.phactax.org),
with assistance from the Division of Data Management at
Seoul National University Medical Research Collaborating
Center. Patients with a fasting serum glucose >126 mg/dL,
a history of diabetes mellitus (DM), or those on anti-
diabetic medication were considered to have DM. Patients
with a systolic blood pressure >140 mmHg, a diastolic blood
pressure >90 mmHg, or a history of hypertension (HTN)
were considered to be HTN. Patients considered to have
CV disease were those with a history of coronary artery
disease, cerebrovascular disease, arrhythmia, congestive heart
failure, or peripheral vascular disease. The following laboratory
variables were measured using a >8-h fasting blood sample
at each participating laboratory: total carbon dioxide (TCO;),
hemoglobin, uric acid, albumin, total cholesterol, C-reactive
protein (CRP), phosphorous, calcium, and intact parathyroid
hormone. Serum TCO; was considered a surrogate measure
of serum bicarbonate (12, 15). Serum creatinine was measured
using an isotope dilution mass spectrometry (IDMS)-traceable
method (16) at a central laboratory (Lab Genomics, Korea).
The estimated glomerular filtration rate (eGFR) was calculated
using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) creatinine equation (17). CKD stages 1-5 were
defined according to the Kidney Disease: Improving Global
Outcomes’ guidelines (18). Second voided or random urine
samples were immediately sent to a central laboratory to
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determine the urine creatinine and protein levels. Urinary
protein excretion was quantified using urinary protein/creatinine
ratio (UPCR, g/g) and urinary albumin/creatinine ratio (UACR,
mg/g). Estimated dietary protein intake (eDPI) was calculated
using the Maroni-Mitch formula: 6.25 X [urine urea nitrogen
(g/day) + 0.03 x body weight (kg)] + proteinuria (g/day)
(19), and DPI was calculated by dividing the eDPI by body
weight (g/kg/day).

Study Outcomes

The primary outcome was renal events, defined as eGFR
halving or development of end-stage kidney disease. End-
stage kidney disease was defined as the initiation of renal
replacement therapy, including dialysis or renal transplantation.
The secondary composite outcome consisted of CV events
and all-cause mortality. Patients were followed until March
2019. The eGFR decline during the follow-up period was
also analyzed.

Statistical Analyses

Categorical variables were evaluated using the x2-test or
Fisher’s exact test and presented as frequencies and percentages.
Continuous variables were analyzed using the analysis of variance
or Kruskal-Wallis test. The Kolmogorov-Smirnov test was used
to analyze the normality of the distribution of parameters. The
results were presented as mean =+ standard deviation for variables
with normal distribution and the median (interquartile range)
for variables with skewed distribution. A log transformation was
used to normalize the CRP and proteinuria variables. Participants
were categorized into four groups according to their serum
bicarbonate levels. Low, lower normal, higher normal, and
high TCO; values were defined as <22, 22-26, 26.1-29.9, and
>30 mmol/L, respectively, considering the guidelines for CKD
management, previous reports (7, 13, 20), and normal TCO,
range for clinical laboratory. Metabolic acidosis was defined as
a TCO; level <22 mmol/L. We used a Cox proportional hazards
model with adjustment, including variables that were significant
in a univariable analysis or other clinically relevant variables,
to analyze the association between the serum bicarbonate levels
and study outcomes. The results were presented as hazard
ratios (HRs) and 95% confidence intervals (Cls). Patients who
were lost to follow-up were censored at the date of the last
examination. The rates of renal function decline per year
were calculated using the slope of eGFR obtained from a
generalized linear mixed model. Only 1,571 (86.9%) patients
whose eGFR values were measured more than three times
during the follow-up period were included in the eGFR decline
analysis. The rapid decline in eGFR was defined as lower than
the median value of the eGFR slope. Binary logistic regression
analysis was used to identify the risk factors for the rapid
decline of renal function. P < 0.05 were considered statistically
significant. The SPSS statistical software (SPSS version 20.0, IBM
Corporation, Armonk, NY, USA) was used for all descriptive and
outcome analyses.

RESULTS

Baseline Clinical Characteristics of
Subjects

The clinical characteristics of the study subjects at enrollment
are shown in Table 1. The mean age of the 1,808 patients was
53.6 £ 12.3 years, and 1,111 patients (61.4%) were males. The
mean eGFR was 52.8 £ 30.9 mL/min/1.73 m?. Patients with
DM and HTN comprised 34.8 and 95.8% of the participants,
respectively. The mean serum bicarbonate level was 25.7 £ 3.7
mmol/L. When stratified into four groups based on the baseline
serum bicarbonate levels, we observed that patients in the low
serum bicarbonate group were older (P = 0.014) and had a higher
prevalence of DM (P = 0.011), HTN (P = 0.019), and preexisting
CV disease (P < 0.001) compared to the other three groups. The
eGFR (P < 0.001) was lower and UPCR (P < 0.001) and UACR
(P < 0.001) were higher in the low serum bicarbonate group.
DPI was similar among all bicarbonate groups (P = 0.214).
Members of the low serum bicarbonate group were prescribed
more diuretics than those in the other groups (P = 0.001).

Distribution of Serum Bicarbonate and

Prevalence of Metabolic Acidosis

Figure 1A shows the distribution of serum bicarbonate across
CKD stages. Advanced CKD stages were associated with lower
serum bicarbonate levels (P < 0.001, P for linear trend <0.001;
Figure 1A), and 240 (13.2%) patients had metabolic acidosis.
The prevalence of metabolic acidosis was higher in patients with
advanced CKD (P < 0.001, P for linear trend <0.001; Figure 1B),
and it increased rapidly from CKD stage 4; 1.0, 3.9, 5.8, 12.0, 27.6,
and 46.4% patients exhibited metabolic acidosis in CKD stages 1,
2, 3a, 3b, 4, and 5, respectively.

Serum Bicarbonate and Renal Events

Table 2 shows the outcome and event rates according to the
serum bicarbonate groups. During the follow-up period of 55.2
£ 24.1 months, 545 (30.9%) patients developed renal events.
Patients in the low serum bicarbonate group (57.1%) were at
a greater risk for development of renal events compared to
the other serum bicarbonate groups (P < 0.001; Figure 2).
The Kaplan-Meier curves (Figure3) showed that the low
serum bicarbonate group had a significantly higher cumulative
incidence of renal events (P < 0.001). The multivariable Cox
regression analysis showed that the low serum bicarbonate
group experienced 1.27 times more renal events than the lower
normal serum bicarbonate group (HR: 1.27; 95% CI: 1.01-1.60,
P =0.043; Table 3). The higher normal (HR: 0.95; 95% CI: 0.74-
1.21, P = 0.675) and high serum bicarbonate groups (HR: 0.89;
95% CI: 0.59-1.33, P = 0.575) did not experience a significant
increase in renal events compared to the lower normal serum
bicarbonate group.

Serum Bicarbonate and CV Events and

All-Cause Mortality

During the follow-up period, 187 (10.6%) patients developed
a composite of CV events and death (Table2). Patients in
the low TCO, group (15.2%) tended to higher composite
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TABLE 1 | Clinical characteristics of the study subjects at enrollment, stratified by serum bicarbonate concentration.

Characteristics Total Serum TCO, P-value
(N = 1,808)
Low Lower normal Higher normal High
(<22 mmol/L) (22-26 mmol/L) (26.1-29.9 mmol/L) (=30 mmol/L)
(n = 240) (n =760) (n = 565) (n =243)

Age (mean £ SD) 53.6+12.3 547 +£11.7 543 +12.4 524+ 123 52.7 +12.4 0.014
Sex, male, n (%) 1,111 (61.4) 141 (58.8) 466 (61.3) 345 (61.1) 159 (65.4) 0.492
BMI (kg/m?) 24.6 +£ 3.4 24.0 +£3.3 247 £ 3.4 247 £ 3.6 247 £3.2 0.024
SBP (mmHg) 1275+ 15.6 129.0 + 19.0 127.0 £ 16.3 127.4 £ 151 127.6 £ 138.7 0.389
DM, n (%) 627 (34.8) 96 (40.0) 283 (37.2) 179 (31.7) 69 (28.8) 0.011
HTN, n (%) 1732 (95.8) 235 (97.9) 735 (96.8) 535 (94.7) 227 (93.4) 0.019
Preexisting CV disease, n (%) 302 (16.7) 64 (26.7) 128 (16.8) 82 (14.5) 28 (11.5) <0.001

CAD, n (%) 125 (6.9) 28 (11.8) 56 (7.4) 29 (5.1) 12 (4.9) 0.004

Cerebrovascular ds, n (%) 119 (6.6) 20 (8.3 52 (6.8) 37 (6.5) 10 (4.1) 0.297

HF, n (%) 31(1.7) 11 (4.6) 12 (1.6) 6(1.1) 2(0.8) 0.002

Arrhythmia, n (%) 41(2.3) 13 (5.4) 9(1.2) 14 (2.5) 5(2.1) 0.002

PVD, n (%) 69 (3.8) 15 (6.3) 30 (3.9) 18(3.2) 6 (2.5) 0.126
Cause of CKD <0.001

DN, n (%) 425 (23.5) 68 (28.3) 213(28.0) 113 (20.0) 31 (12.8)

Hypertension, n (%) 318 (17.6) 54 (22.5) 135 (17.8) 93 (16.5) 36 (14.8)

GN, n (%) 623 (34.5) 76 (31.7) 250 (32.9) 193 (34.2) 104 (42.8)

PKD, n (%) 326 (18.0) 22(9.2) 116 (15.3) 133 (23.5) 55 (22.6)

Others, n (%) 116 (6.4) 20 (8.3) 46 (6.1) 33 (5.8) 17 (7.0)
Smoking status, n (%) 0.820

Never 979 (54.1) 125 (52.1) 400 (52.6) 316 (55.9) 138 (56.8)

Former 554 (30.6) 77 (32.1) 239 (31.4) 165 (29.2) 72 (30.0)

Current 275 (15.2) 38 (15.8) 121 (15.9) 84 (14.9) 32 (13.2)
TCO, (mmol/L) 25.7 £ 3.7 196+1.9 242 +1.3 27.9+0.9 31.3+14 <0.001
eGFR (mL/min/1.73m?) 52.8 +30.9 27.7 £18.3 451 £27.7 65.8 + 29.5 71.9 £27.8 <0.001
Hemoglobin (g/dL) 128+ 2.0 11.3+£1.7 125+2.0 13.56+1.9 18.7+1.38 <0.001
Uric acid (mg/dL) 70+£1.9 75+£20 73+£20 6.6+1.9 6.6 +1.7 <0.001
Albumin (g/dL) 42+04 4.0+04 41+£05 43+04 43+04 <0.001
Total cholesterol (mg/dL) 174.3 £39.2 164.9 + 43.8 172.8 £39.2 1776 £37.3 180.7 £ 37.1 <0.001
CRP, median, (Q1, Q3) (Mmg/L) 0.6 (0.2, 1.7) 0.7 (0.4, 2.1) 0.6 (0.2, 1.7) 0.5(0.2,1.5) 0.5(0.2, 1.4) 0.001
Phosphorus (mg/dL) 3.7 +0.7 41+08 3.7 +0.7 3.5 +0.6 3.6+ 0.6 <0.001
*Corrected Ca (mg/dL) 9.0+04 8.8+ 0.5 9.0+ 04 9.1+04 91+04 <0.001
iPTH, median (Q1, Q3) (pg/mL) ~ 51.0 (33.5, 83.8) 87.3 (52.9, 146.0) 56.5 (36.7, 94.8) 43.0 (30.1, 64.9) 39.1(27.6, 53.8) <0.001
UPCR (Q1, Q3) (9/9) 0.49 (0.15, 1.48) 1.08 (0.39, 2.25) 0.58 (0.19, 1.83) 0.34(0.10, 0.99) 0.27 (0.07, 0.81) <0.001
UACR (Q1, Q3) (mg/g) 350 (80, 1052) 767 (238, 1481) 420 (121, 1313) 237 (46, 694) 179 (29, 585) <0.001
DPI (g/kg/day) 0.96 £+ 0.30 0.96 £+ 0.39 0.94 +£0.29 0.98 +0.28 0.96 + 0.25 0.214
Medications

ACEi or ARB, n (%) 1553 (85.9) 209 (87.1) 646 (85.0) 484 (85.7) 214 (88.1) 0.625

Diuretics, n (%) 568 (0.3) 95 (0.4) 252 (0.3) 144 (0.3) 77 (0.3) 0.001

TPhosphate binder, n (%) 165 (0.1) 32 (0.1) 76 (0.1) 38 (0.1) 19 (0.1) 0.017

P-value represents a statistical difference according to the serum bicarbonate groups of each value using the y?2-test or Fisher's exact test (categorical variables) or the analysis of

variance or Kruskal-Wallis test (continuous variables).
*Corrected Ca (mg/dl) = measured total Ca (mg/dL) + 0.8 x [4 — measured serum albumin (g/dL)].
7‘Only calcium-based phosphate binders were prescribed to the members of our patient cohort.

TCO,, total carbon dioxide; SD, standard deviation; BMI, body mass index; SBF, systolic blood pressure; DM, diabetes mellitus; HTN, hypertension; CV, cardiovascular; CAD, coronary
artery disease; HF, heart failure; PVD, peripheral vascular disease; CKD, chronic kidney disease; DN, diabetic nephropathy; GN, glomerulonephritis; PKD, polycystic kidney disease;
eGFR, estimated glomerular filtration rate as determined by the CKD-EPI creatinine equation; CRF, C-reactive protein; Ca, calcium; iPTH, intact parathyroid hormone; UPCR, urine
protein creatinine ratio; UACR, urine albumin creatinine ratio; DPI, dietary protein intake; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor blocker.
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FIGURE 1 | Distribution of serum bicarbonate and prevalence of metabolic acidosis across CKD stages. (A) Advanced CKD stages were associated with lower serum
bicarbonate levels. A total of 240 (13.2%) patients had metabolic acidosis. (B) The prevalence of metabolic acidosis was higher in patients with advanced CKD; 111
(27.6%) and 51 (46.4%) of CKD stage 4 and stage 5 patients, respectively, exhibited metabolic acidosis. CKD, chronic kidney disease; TCO;, total carbon dioxide.
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TABLE 2 | Outcome and event rates according to serum bicarbonate groups.

Outcomes Overall Serum TCO, group P-value
Low Lower normal Higher normal High
(<22 mmol/L) (22-26 mmol/L) (26.1-29.9 mmol/L) (=30 mmol/L)
Number of participants 1,808 240 760 565 243
Renal events, n (%) 545 (30.9) 132 (57.1) 275 (37.0) 104 (18.8) 34 (14.5) <0.001
eGFR halving, n (%) 345 (19.6) 59 (25.5) 176 (23.7) 82 (14.8) 28 (11.9) <0.001
ESKD, n (%) 447 (25.4) 126 (54.5) 231 (31.0) 69 (12.5) 21(8.9) <0.001
Composite of CV events and death, n (%) 187 (10.6) 35 (15.2) 81 (10.9) 47 (8.5) 24 (10.2) 0.052
Non-fatal CV event, n (%) 115 (6.5) 20 (8.7) 47 (6.3) 30 (5.4) 18(7.7) 0.338
Death, n (%) 78 (4.4) 16 (6.9) 37 (5.0) 17 (3.1) 8(3.4) 0.075

P-value represents a statistical difference according to the serum bicarbonate groups of each event using the x?-test.
TCOy, total carbon dioxide; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; CV, cardiovascular.

secondary outcomes (P = 0.052; Figure 2). However, in the
Cox proportional hazards model after adjustment, there was no
significant association between the serum bicarbonate groups
and the composite outcome of CV events and death (low vs. lower
normal serum bicarbonate group; HR: 1.29; 95% CI: 0.83-2.02,
P = 0.259; Supplementary Table 1).

Association of Serum Bicarbonate With

Renal Function Decline

We analyzed renal function decline as the slope of eGFR
for 1,571 patients whose eGFR values were measured more
than three times during the follow-up period. Mean eGFR
slope was —2.48 4 2.03 mL/min/1.73 m?/year. The eGFR

slope according to serum bicarbonate groups was analyzed.
The eGFR slope was lower in the low serum bicarbonate
group (—2.93 + 1.61 mL/min/1.73 m?/year; Supplementary
Figure 1). We categorized the patients into two groups
according to the median value of the eGFR slope and rapid
decline in eGFR was defined as the group with lower than
median eGFR. The proportion of rapid decline in eGFR was
higher in the low serum bicarbonate group (Figure4). The
multivariable binary logistic regression analysis revealed that
the low serum bicarbonate group showed a significantly rapid
decline in eGFR [odds ratio (OR): 2.12; 95% CI: 1.39-3.22,
P < 0.001; Figure4] compared to the lower normal serum
bicarbonate group.
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FIGURE 2 | Event rates for renal events and composite of secondary
outcomes according to serum bicarbonate groups. Low, lower normal, higher
normal, and high TCO, values were defined as <22, 22-26, —26.1 to 29.9,
and >30 mmol/L, respectively. Patients in the low TCO, group (57.1%) were at
a greater risk of developing renal events compared to the other TCO, groups
(P < 0.001). Patients in the low TCO, group (15.2%) tended to higher
composite secondary outcomes (P = 0.052). TCOs, total carbon dioxide;

CV, cardiovascular.
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FIGURE 3 | Renal events according to serum bicarbonate groups. The
Kaplan—-Meier curves show that the low TCO, group had a significantly higher
cumulative incidence of renal events (P < 0.001). TCO», total carbon dioxide.

DISCUSSION

In the present study, 240 (13.2%) of the 1,808 CKD patients
had metabolic acidosis (TCO, <22 mmol/L), and among those
with CKD stages 4 and 5, 111 (27.6%) and 51 (46.4%) of
patients, respectively, had metabolic acidosis. The incidence of
renal events during the follow-up period was higher in patients
with metabolic acidosis. Similar to other existing studies, the
HR for renal events after adjustment for potential confounders
was 1.27 for serum bicarbonate level <22 mmol/L compared to
the reference group (serum bicarbonate level 22-26 mmol/L).

Patients with metabolic acidosis showed a significantly rapid
decline in eGFR. In the present study, there was no significant
association between the serum bicarbonate groups and the
composite outcome of CV events and death.

Several factors are induced by metabolic acidosis, which
cause kidney injury and accelerate the progression of CKD.
Kidney damage occurs from acid retention in the interstitial
compartment that induces the activation of the renin-
angiotensin-aldosterone system and endothelin production
(6). In addition, stimulation of complement by increased
ammonia production and activation of cytokines also contribute
to renal damage. Metabolic acidosis was associated with arterial
stiffness in a previous study of our cohort patients (21). Increased
arterial stiffness is associated with the risk of renal progression
(22); therefore, metabolic acidosis might be associated with CKD
progression. Metabolic acidosis is associated with inflammation
and oxidative stress, which is associated with renal function
deterioration (23, 24); this could also be a mechanistic link
between renal injury and metabolic acidosis.

Metabolic acidosis is associated with not only CKD
progression but also rapid renal function deterioration.
Therefore, proper management is needed to reduce the acid
retention. Two modalities that can reduce acid retention include
dietary modification to decrease net endogenous acid production
or administration of alkali. An experimental study showed that
administration of alkali to rats with 5/6 nephrectomy slowed
CKD progression and decreased the renal content of endothelin,
angiotensin II, and aldosterone (25, 26). A recent randomized
trial and other observational studies showed that alkali therapy
prevents renal function decline in patients with CKD (27, 28).
Large-scale clinical trials are needed to obtain a firm evidence
regarding the effectiveness of alkali therapy. Higher serum
bicarbonate levels within the normal range were associated with
better renal outcomes and survival in the African American
Study of Kidney Disease and Hypertension trial (15). Although
current guidelines recommend maintaining serum TCO, >22
mmol/L, according to previous studies on renal outcomes,
mortality, or CV outcomes, the ideal target might be 24-26
mmol/L (29). Therefore, further studies are needed to establish
optimal serum bicarbonate concentrations.

Serum bicarbonate <22 mmol/L was associated with
increased mortality in US veterans (12); however, metabolic
acidosis was not significantly associated with mortality in the
CRIC study (13). In addition, an association between metabolic
acidosis and increased CV event risk independent of eGFR has
not yet been clearly identified. The findings of study outcomes
may have been slightly different because of the differences in the
characteristics of the study population and the reference range
of metabolic acidosis. In the present study, we included patients
with early CKD (16.3% with CKD stage 1 and 18.5% with CKD
stage 2). Furthermore, our study showed that the incidence rates
of mortality and CV outcome were lower than those in the CRIC
study (30); hence, the results may differ.

The strength of our study is that we included a large number
of predialysis CKD patients. However, this study also has several
limitations. First, we could not eliminate the potential residual
confounders due to the observational nature of the study. Second,
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TABLE 3 | Renal events according to serum bicarbonate concentration.

Serum bicarbonate Model 1 Model 2 Model 3 Model 4

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
Categorical variable
Low (<22 mmol/L) 2.35(1.91, 2.90) <0.001 2.25(1.82,2.78) <0.001 1.31 (1.05, 1.63) 0.018 1.27 (1.01, 1.60) 0.043
Lower normal (22—-26 mmol/L) Reference - Reference - Reference - Reference -
Higher normal (26.1-29.9 mmol/L)  0.44 (0.35, 0.55) <0.001 0.45 (0.36, 0.56) <0.001 0.96 (0.75, 1.22) 0.760 0.95(0.74,1.21) 0.675
High (=30 mmol/L) 0.33(0.23, 0.47) <0.001 0.36 (0.25, 0.51) <0.001 1.03 (0.71, 1.51) 0.863 0.89 (0.59, 1.33) 0.575
Continuous variable
TCO, (per 1 mmol/L increase) 0.83(0.81, 0.85) <0.001 0.84 (0.82, 0.86) <0.001 0.97 (0.94, 1.00) 0.024 0.96 (0.94, 0.99) 0.013

Model 1: Unadjusted.

Model 2: Adjusted for age, sex, HTN, DM, preexisting CVD, systolic blood pressure, BMI.
Model 3: Model 2 + eGFR, log UPCR.

Model 4: Model 3 + albumin, total cholesterol, logCRF, ACEi or ARB use, and diuretics use.

HR, hazard ratio; Cl, confidence interval; TCO», total carbon dioxide; DM, diabetes mellitus; HTN, hypertension; CVD, cardiovascular disease; BMI, body mass index; eGFR, estimated
glomerular filtration rate by CKD-EPI creatinine equation; UPCR, urine protein creatinine ratio; CRF, C-reactive protein; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin

Il receptor blocker.
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FIGURE 4 | Risk of rapid decline of eGFR according to serum bicarbonate
groups. The rapid decline in eGFR was defined as lower than the median value
of the eGFR slope. Proportion of the rapid decline of eGFR was higher in the
low TCO, group. The multivariable binary logistic regression analysis showed
that the low TCO» group had a significantly rapid decline in eGFR (OR: 2.12;
95% Cl: 1.39-3.22, P < 0.001) compared to the lower normal TCO, group.
The column shows a proportion of the rapid decline in eGFR (%). The box plot
shows adjusted OR (95% ClI) for rapid decline of eGFR. The horizontal solid
line represents the reference with an adjusted OR of 1. Adjusted for age, sex,
HTN, DM, preexisting CVD, SBP, BMI, eGFR, log UPCR, albumin, total
cholesterol, logCRP, ACEi or ARB use, or diuretics. OR, odds ratio; ClI,
confidence interval; TCO., total carbon dioxide; DM, diabetes mellitus; HTN,
hypertension; CVD, cardiovascular disease; BMI, body mass index; eGFR,
estimated glomerular filtration rate by CKD-EPI creatinine equation; UPCR,
urine protein creatinine ratio; CRP, C-reactive protein; ACEi, angiotensin
converting enzyme inhibitor; ARB: angiotensin Il receptor blocker.

single serum bicarbonate values were used to predict renal events
and the composite outcome of mortality or CV events. We did
not evaluate the effects of alkali administration (e.g., sodium
bicarbonate, sodium lactate, sodium citrate, calcium citrate, etc.)
on the incidence of metabolic acidosis and clinical outcomes.
There were no patients taking non-calcium-based phosphate
binders (e.g., sevelamer carbonate or sevelamer hydrochloride),
which affect the acid-base balance. The possibility of dilutional

acidosis in metabolic acidosis was excluded because we did not
enroll acutely ill patients requiring large volume resuscitation.

CONCLUSION

Metabolic acidosis, defined as a serum bicarbonate level <22
mmol/L, was significantly associated with increased renal events
and rapid decline of renal function in this cohort of Korean
predialysis CKD patients.
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Serum uromodulin (sUmod) shows a strong direct correlation with eGFR in patients
with impaired kidney function and an inverse association with mortality. However, there
are patients in whom only one of both markers is decreased. Therefore, we aimed to
investigate the effect of marker discordance on mortality risk. sUmod and eGFR were
available in 3,057 participants of the Ludwigshafen Risk and Cardiovascular Health
study and 529 participants of the VIVIT study. Both studies are monocentric prospective
studies of patients that had been referred for coronary angiography. Participants were
categorized into four groups according to the median values of sUmod (LURIC:
146 ng/ml, VIVIT: 156) and eGFR (LURIC: 84 ml/min/1.73 m?, VIVIT: 87). In 945 LURIC
participants both markers were high (UHGH), in 935 both were low (ULGL), in 589 only
eGFR (UHGL), and in 582 only sUmod (ULGH) was low. After balancing the groups for
cardiovascular risk factors, hazard ratios (95%Cl) for all-cause mortality as compared to
UHGH were 2.03 (1.63-2.52), 1.43 (1.13-1.81), and 1.32 (1.03-1.69) for ULGL, UHGL,
and ULGH, respectively. In VIVIT, HRs were 3.12 (1.38-7.08), 2.38 (1.01-5.61), and 2.06
(0.81-5.22). Adding uromodulin to risk prediction models that already included eGFR as
a covariate slightly increased the Harrell’s C and significantly improved the AUC in LURIC.
In UHGL patients, hypertension, heart failure and upregulation of the renin-angiotensin-
aldosterone-system seem to be the driving forces of disease development, whereas
in ULGH patients metabolic disturbances might be key drivers of increased mortality.
In conclusion, SUmod/eGFR subgroups mirror distinct metabolic and clinical patterns.
Assessing sUmod additionally to creatinine or cystatin C has the potential to allow a more
precise risk modeling and might improve risk stratification.

Keywords: EGFR, mortality, chronic kidney disease, Tamm-Horsfall protein, uromodulin
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Uromodulin, eGFR, and Mortality

INTRODUCTION

Uromodulin is the most abundant protein in mammalian urine
and is also secreted into the blood in small amounts (sUmod).
Results from genome-wide association studies linking genetic
variation at the UMOD locus with estimated glomerular filtration
rate (eGFR) (1), chronic kidney disease (CKD) (1-3), arterial
hypertension (4) and diabetic nephropathy (5), as well as
the recent development of immunoassays to reliably measure
sUmod have renewed the scientific interest in this protein.
Polymorphisms in the UMOD gene explain ~25% of the 4%
variability in eGFR that can be explained by genetic factors so
far (6). Expression and secretion of uromodulin are regulated by
an intricate network of transcription factors (7). Studies in mice
and analyses of genetic variants of uromodulin in humans have
shown important roles of nuclear factor 1-beta (HNF1b) and a
glucocorticoid response element that is disrupted by the presence
of the rare allele of a common uromodulin SNP (8). In silico
analyses also suggested a possible role of a number of other
transcription factors such as GATA3, SP1, SP3, TP53, POU2FI,
RARB, RARA, RXRA, SMAD3, RUNX2, and KLF4 (7).

In the case of pathophysiological conditions they act
together to rapidly modulate Umod concentration. Due to its
immunomodulatory and anti-inflammatory properties, sUmod
concentrations might be actively increased in the setting of
systemic illnesses to reduce systemic inflammation (9, 10). This
might partly explain the consistently observed inverse association
with cardiovascular risk (11-13).

A report from the SPRINT trial showed baseline urinary
uromodulin to be associated with the primary endpoint of
cardiovascular events in patients with an eGFR <60 ml/min/1.73
m?, independently from eGFR and albuminuria (14). We
recently investigated the association of sUmod with mortality
in the Ludwigshafen Risk and Cardiovascular Health study
(LURIC) and the VIVIT study and found sUmod to be an
independent predictor for mortality, even in models adjusted
for eGFR in patients with median to high cardiovascular risk
(11, 12). Recently, this association has also been confirmed
in a population-based study (15). While sUmod showed a
strong direct correlation with eGFR there were subgroups of
patients in which only one of these markers was decreased.
Therefore, we aimed to examine the impact of eGFR/uromodulin
discordance on the individual mortality risk and further sought
to determine the clinical, biochemical, and genetic characteristics
of these subgroups.

METHODS

Subjects

The LURIC study enrolled 3,316 individuals between 1997
and 2000 at the Ludwigshafen Heart Center in South-
West Germany (16) and the VIVIT study 1,048 individuals
between 2005 and 2008 at the Landeskrankenhaus Feldkirch
in the westernmost province of Austria (17). All participants
were of European ancestry, and were referred for elective
coronary angiography for the evaluation of established
or suspected stable CAD. Patients undergoing coronary

angiography for other reasons were not enrolled. The ethics
committee of the “Landesdrztekammer Rheinland-Pfalz”
[LURIC, #837.255.97(1394)] and of “Vorarlberg” (VIVIT,
EK-2-2013/0008) approved both studies. Both studies were
conducted in accordance with the “Declaration of Helsinki.”
Informed written consent was obtained from all participants.
For 3,051 study participants of LURIC and 529 of VIVIT both
sUmod and eGFR were available and those were used for further
analyses. sUmod and eGFR were measured and calculated
using the same blood samples. Information on vital status was
obtained from local registries. Death certificates, medical records
of local hospitals, and autopsy data were reviewed independently
by two experienced clinicians who were blinded to patient
characteristics and who classified the causes of death. 917
(30.1%) LURIC participants died during a median follow-up of
9.9 years (8.57-10.7) and 93 VIVIT participants during a median
follow-up of 7.3 years (7.0-7.6). Fasting blood samples were
obtained by venipuncture at study entry. A summary of analytic
methods has been reported previously (16, 18) and detailed
information regarding the laboratory measurements, and clinical
definitions is provided in the Supplementary Material.

Statistical Analyses
Study participants were categorized into tertiles of sUmod/eGFR
or into four groups according to the median values of
sUmod (146 ng/ml in LURIC and 156 ng/ml in VIVIT) and
eGFR (84 ml/min/1.73 m? in LURIC and 87 in VIVIT). In
LURIC, also clinical cutoff criteria were applied to create
the groups using cutpoints of 150 ng/ml for sUmod and 60
ml/min/1.73 m? for eGFR. Continuous data are presented
as the mean and standard deviation (SD) when normally
distributed or as the median and 25th and 75th percentile
for non-normally distributed variables. Categorical data are
presented as percentages. Statistical differences between groups
and continuous variables were determined using ANOVA.
Non-normally distributed variables were log-transformed before
entering analysis. Tukey’s honest significant difference test was
used to investigate differences between individual groups using
family-wise correction for multiple testing. The chi-square test
was used for categorical variables and differences between
individual groups were examined using the “chisq.post.hoc”
function implemented in the R package “fifer” v1.1 using the
false-discovery-rate method for multiple testing correction.
Survival curves for the different groups were calculated by
Kaplan-Meier analysis using the R package “survminer” v0.4.3.
We also adjusted the distribution of possible confounders by
inverse probability weighting, thereby balancing the subgroups
for the confounding variables. A weighted Cox model was
calculated and we report the result of the robust score test as
implemented in the coxph function in R that corresponds to a
log-rank test corrected for weighting. The proportional hazard
assumption was checked by examination of scaled Schoenfeld
residuals. Harrell’s C was calculated using the R package hmisc
v4.4-1, ROC curves were calculated and compared using the
method of Delong as implemented in the R package pROC 1.16.2.
All tests were two-sided and a P-value < 0.05 was considered
statistically significant. All analyses were carried out using R
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FIGURE 1 | Interaction between sUmod and eGFR with regard to mortality risk. Hazard ratios unadjusted (A,C) and with adjustment for age, and with additional
adjustment for age, sex, BMI, LDL-C, HDL-C, hypertension, diabetes mellitus, CAD, and smoking (B,D). Upper panel LURIC: (sUmod: <118ng/ml, 119-178ng/ml,
>179ng/ml; eGFR: <75 mi/min/1.73 m?, 76-92 ml/min/1.73 m2, >93 mi/min/1.73 m?), lower panel VIVIT (sUmod: <125ng/ml, 126-190 ng/ml, >191 ng/ml; eGFR:
<78 mi/min/1.73 m?, 78-96 ml/min/1.73 m2, >96 mi/min/1.73 m?).

v4.0.3 [(19) R: A language and environment for statistical  participants of VIVIT. Plots showing the correlation between
computing] (http://www.r-project.org). both biomarkers are shown in Supplementary Figure 1.

We stratified our patient cohorts according to tertiles of

sUmod and eGFR and calculated hazard ratios (HR) for all-cause

RESULTS mortality for the different combinations (Figure 1; Table 1). As

Lo ) compared to the reference group with both sUmod and eGFR
Association of eGFR and sUmod With in the highest tertile, the group with both markers in the lowest
Mortality tertile had a HR of 5.38 (4.18-6.94) in the unadjusted analysis

Information on both sUmod and eGFR CKD-EPIirest—cys Was and a HR of 2.19 (1.65-2.91) after adjustment for age, sex, BMI,
available for 3,051 participants of the LURIC study and 529  LDL-C, HDL-C, coronary artery disease (CAD), hypertension,

Frontiers in Medicine | www.frontiersin.org 19 September 2021 | Volume 8 | Article 723546


http://www.r-project.org
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Yazdani et al.

Uromodulin, eGFR, and Mortality

TABLE 1 | All-cause mortality according to sUmod and eGFR.

Unadjusted Adjusted
sUmod eGFR HR (95% CI) P HR (95% CI) P
High 1
. Medium 1.43 (1.04-1.97) 0.027 0.99 (0.71-1.37) 0.94
2.68 (0.67-10.73) 0.163 1.77 (0.43-7.25) 0.428
High Low 1.96 (1.36-2.83) <0.001 1.10 (0.75-1.61) 0.636
6.81 (1.76-26.34) 0.005 4.06 (1.00-16.47) 0.05
Medium High 1.09 (0.77-1.53) 0.635 0.99 (0.70-1.40) 0.956
1.52 (0.31-7.55) 0.606 1.78 (0.36-8.87) 0.48
Medium Medium 1.91 (1.41-2.59) <0.001 1.09 (0.80-1.49) 0.587
5.48 (1.51-19.91) 0.01 3.23 (0.86-12.15) 0.082
Medium - 2.72 (2.04-3.64) <0.001 1.29 (0.95-1.76) 0.106
8.72 (2.56-29.76) 0.001 410 (1.13-14.92) 0.032
- - 1.51 (1.05-2.18) 0.28 1.35 (0.93-1.95) 0.11
1.64 (0.27-9.79) 0.59 2.24 (0.37-13.47) 0.377
Low Medium 2.40 (1.77-3.25) <0.001 1.31(0.96-1.80) 0.088
7.45 (2.12-26.14) 0.002 4.41 (1.21-16.00) 0.024
- - 5.38 (4.12-6.94) <0.001 2.19 (1.65-2.91) <0.001
12.20 (3.73-39.85) <0.001 5.13 (1.44-18.28) 0.012

Unadjusted and adjusted (for age, sex, BMI, LDL-C, HDL-C, smoking, hypertension, CAD, and DM) HRs are summarized for LURIC (upper rows) and VIVIT (lower rows). Green, marker

is high; yellow, marker is at medium level; red; marker is low.

diabetes mellitus (DM), and smoking in LURIC. In VIVIT,
the HRs were 12.20 (3.73-39.85) and 5.13 (1.44-18.28) for the
unadjusted and the adjusted analysis, respectively. Within each
eGFR category, the mortality risk increased with lower sUmod.
Vice versa, within each sUmod group the mortality risk increased
with lower eGFR.

Definition of eGFR/sUmod Subgroups

To further examine the groups with discordant sUmod and
eGFR, we stratified our cohort into four groups according to the
median sUmod and eGFR values. In LURIC, the median value
of sUmod was 146 ng/ml, the median value of eGFR was 84
ml/min/1.72 m2. In 945 LURIC study participants both markers
were above the respective thresholds (UHGH), in 935 both
markers were low (ULGL), in 589 only eGFR (UHGL) and in 582
only sUmod (ULGH) was low.

In VIVIT, the median value of sUmod was 156 ng/ml, the
median value of eGFR was 87 ml/min/1.72 m?. The numbers for
the different subgroups were 160, 105, 105, and 160 for UHGH,
ULGL, UHGL, and ULGH, respectively.

sUmod/eGFR Subgroups and Mortality

Kaplan-Meier analysis revealed a higher mortality risk for UHGL
as compared to ULGH (Figures 2A,B). As expected, ULGL
showed the highest mortality. Adjusted survival curves are shown
in Figures 2C,D. The distribution of confounding variables (age,
sex, BMI, arterial hypertension, CAD, DM, smoking, LDL-C, and
HDL-C) in the four groups was balanced by inverse variance
weighting. Resulting HR as compared to UHGH were 2.03
(1.63-2.52), 1.43 (1.13-1.81), and 1.32 (1.03-1.69) for ULGL,
UHGL, and ULGH in LURIGC, respectively. In the VIVIT cohort,

HR as compared to UHGH were 3.12 (1.38-7.08), 2.38 (1.01-
5.61), and 2.06 (0.81-5.22) for ULGL, UHGL, and ULGH,
respectively. Results for cardiovascular mortality were similar
(Supplementary Figure 2).

We also defined the sUmod/eGFR groups in LURIC
according to clinical cutoff criteria: As threshold we chose 60
ml/min/1.73 m? for eGFR (to identify those individuals with
CKD) and 150ng/ml for sUmod [approximately below this
concentration the mortality risk increases steeply (11)]. The
resulting four groups differed substantially in size, especially
UHGL was small with only 60 participants, but results were
similar (Supplementary Figure 3; Supplementary Table 1). We
also calculated a Cox regression model including an interaction
term for sUmod and eGFR and this interaction term was highly
significant (Supplementary Table 1).

Performance of Uromodulin in Risk

Prediction Models

We investigated whether the addition of uromodulin to
risk prediction models including eGFR would improve risk
prediction. To answer this question, we examined two models:
one including age, sex, BMI, CAD, DM, hypertension, smoking,
LDL-C, HDL-C, and eGFR and a second model including all
covariates and additionally sUmod (Table 2). The inclusion
of uromodulin slightly increased the Harrell's C and the
conventional AUC in both models. The improvement in AUC
was statistically significant only in the LURIC cohort. However, a
trend toward an improved risk prediction could also be observed
in the VIVIT cohort.
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FIGURE 2 | Survival according to eGFR/sUmod groups. Kaplan-Meier survival curves for LURIC and VIVIT (A,B) and adjusted survival curves with eGFR/sUmod
groups balanced for age, sex, BMI, LDL-C, HDL-C, smoking, hypertension, CAD, and DM by inverse variance weighting for LURIC and VIVIT (C,D). The P-value of
the robust score test was <0.001 for LURIC and VIVIT.

Characterization of sUmod/eGFR Groups
There were highly significant differences in clinical and
biochemical markers between the different sUmod/eGFR groups.
In LURIC, comparing UHGH with the groups that had only one
marker decreased we observed significantly lower albumin and
higher fasting glucose and fatty liver index only in ULGH but not
in UHGL (Table 3). Contrary, magnesium was only significantly
higher in UHGL but not in ULGH, as compared to UHGH. In
VIVIT, results were similar for those variables that were available
(Table 4).

Comparing only UHGL and ULGH, we found that
participants in UHGL were older and more often female
compared to ULGH. They suffered more often from
arterial hypertension and had a tendency toward higher
rates of heart failure. Study participants in the groups
with low sUmod (ULGL+ULGH) had a higher fatty liver
index as compared to the groups with high uromodulin
(UHGH+UHGL) but the difference was only significant
in LURIC. Looking at differences between UHGL and
ULGH groups defined by the clinical cutoff criteria, again
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significant associations (p < 0.001) were found for the variables
age, male gender, heart failure, NTproBNP, and cystatin C
(Supplementary Table 2). For VIVIT we could not use these

TABLE 2 | Risk prediction models for all-cause mortality with and without
inclusion of serum uromodulin.

Harrells C AUC (95% ClI) P*
Age + sex + eGFR 0.709 0.745 (0.726-0.764)
0.748 0.778 (0.729-0.827)
Age + sex + eGFR + sUmod 0.716 0.752 (0.733-0.771) 0.010
0.754 0.784 (0.737-0.832) 0.366
Base model 0.718 0.771 (0.753-0.788)
0.767 0.799 (0.751-0.847)
Base model + sUmod 0.722 0.774 (0.757-0.792) 0.043
0.775 0.808 (0.762-0.854) 0.155

*Model including uromodulin vs. preceding model; base model includes age, sex, BMI,
CAD, diabetes mellitus, hypertension, smoking, LDL-C, HDL-C, and eGFR. Upper rows:
LURIC, lower rows VIVIT.

criteria due to the low number of samples in the UHGL
group (N = 8).

DISCUSSION
Main Findings

Despite a highly significant, direct association of sUmod and
eGFR we detected subgroups of patients in whom only one
of these biomarkers was decreased. Regarding all-cause and
cardiovascular mortality, there was an almost linear increase in
mortality risk from UHGH < ULGH < UHGL < ULGL. These
findings suggest, that uromodulin modulates mortality risk in
patients with both impaired and normal renal function in the way
that high uromodulin is associated with higher patient survival.
Conversely, in patients with both high and low uromodulin,
low eGFR is each time associated with inferior patient survival.
When comparing the impact of low eGFR and low uromodulin
on all-cause and cardiovascular mortality, the impact of low
eGFR appeared to be somewhat stronger than the effect of
uromodulin. Adding sUmod to risk prediction models already

TABLE 3 | Characteristics of LURIC study participants according to serum uromodulin (<146 or >146 ng/mL) and eGFR (<84 or >84 mL/min/1.73 m?) groups.

Variable Both high Both low eGFR low sUmod low P;NOVA Ppost-hoc
UHGH ULGL UHGL ULGH UHGH vs. UHGH vs. UHGL vs.
UHGL ULGH ULGH
Age (years) 57(9.76) 68.2(8.69) 67(8.03) 58.7(10.3) <0.001 <0.001 <0.001 0.003
Male sex (%) 74.6 65.8 57.7 80.4 <0.001 <0.001 <0.001 0.009
BMI (kg/m?) 27(3.84) 27.7(4.13) 27.7(4.35) 27.7(4.12) <0.001 1 0.011 0.007
LDL-C (mg/dl) 119(34.8) 113(34.3) 117(34.7) 116(32.4) 0.001 0.88 0.691 0.221
HDL-C (mg/dl) 40(10.9) 36.8(10.5) 39.9(10.9) 38.3(10.8) <0.001 0.055 1 0.022
TG (mg/dl) 139(103-188) 154(116-208) 144(106-195) 151(113-215) <0.001 0.024 0.746 <0.001
systolic BP (mmHg) 137(22.2) 145(24.8) 143(23.8) 140(22.1) <0.001 0.032 <0.001 0.102
diastolic BP (mmHg) 81.1(11.1) 80.6(11.7) 81.5(11.8) 81.1(10.8) 0.482 0.948 0.935 1
Magnesium (mmol/l) 0.847(0.091) 0.862(0.103) 0.859(0.0945) 0.834(0.0879) <0.001 <0.001 0.082 0.042
Fasting glucose (mg/dl) 99.7(92.1-110) 105(95.2-126) 102(93.8-117) 104(94.7-122) <0.001 0.272 0.002 <0.001
hsCRP (mg/I) 2.28(1-6.33) 5.25(2.12-10.7) 3.03(1.45-8.3) 3.06(1.22-7.69) <0.001 0.619 <0.001 0.006
NT-proBNP (ng/ml) 160(68-420) 679(248-1,860)  375(147-1,010) 175(76-486) <0.001 <0.001 <0.001 0.289
Renin (pg/ml) 17(9-34) 23.5(12-59) 18(9-41) 18(10-35) <0.001 0.931 0.227 0.61
Angiotensin Il (ng/L) 20(12-35) 20(13-34) 20(13-35) 19(12-34) 0.152 0.813 0.45 0.965
Noradrenalin (ng/l) 276(199-380) 339(232-500) 334(233-477) 281(199-394) <0.001 <0.001 <0.001 0.999
Albumin (g/dl) 4.48(0.535) 4.28(0.553) 4.39(0.524) 4.38(0.573) <0.001 0.999 0.008 0.007
GOT (U/)) 11.8(7.49) 11.7(7.4) 12.5(9.94) 11.7(6.77) 0.251 0.276 0.338 0.988
FV (U/dl) 112(20.9) 113(23) 114(20.1) 115(21.9) 0.368 0.895 0.829 0.288
Fatty liver index 47.4(25.2-71.4) 58(36.6-77.2) 53.9(31.56-74.3)  55.3(32.1-79.1)  <0.001 0.476 0.006 <0.001
eGFR (ml/min/1.73 m?) 98.3(9.42) 62(16.2) 72(9.75) 96.5(9.23) <0.001 <0.001 <0.001 0.022
Uromodulin (ng/ml) 222(62.6) 95.4(31.4) 202(52.4) 107(28.1) <0.001 <0.001 <0.001 <0.001
CystatinC (mg/l) 0.8(0.74-0.86) 1.12(1-1.37) 1.01(0.93-1.11)  0.83(0.76-0.89)  <0.001 <0.001 <0.001 0.031
Diabetes mellitus (%) 28.1 51.9 414 39 <0.001 0.475 <0.001 <0.001
Coronary artery disease (%) Yams 83.6 76.1 80.2 <0.001 0.097 0.097 0.001
Heart failure (%) 21.8 47.5 35.1 26.1 <0.001 0.001 <0.001 0.054
Hypertension (%) 62.4 81 77.8 70.3 <0.001 0.005 0 0.003
Smoking (active/ex/never, %) 28.4/38.9/32.7 17.6/45.9/36.5 15.3/37.7/47 31.3/40.5/28.2 <0.001 <0.001 <0.001 0.161

*P-value adjusted for multiple testing using the false-discovery-rate method; GOT, glutamate oxalacetate transaminase; FV, factor \V/; NT-proBNF, N-terminal pro brain natriuretic peptide;

TG, triglycerides.
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TABLE 4 | Characteristics of VIVIT study participants according to serum uromodulin (<156 or156 > ng/mL) and eGFR (<87 or =87 mL/min/1.73 m?) groups.

Variable Both high Both low sUmod high, sUmod low, Panova Ppost-hoc
eGFR low eGFR high
UHGH ULGL UHGL ULGH UHGH vs. UHGH vs. UHGL vs.
UHGL ULGH ULGH
N 160 160 104 105
Age (years) 59(10) 72(8.4) 69(8.4) 59(11) <0.001 <0.001 1 <0.001
Male sex (%) 71 63 49 72 0.001 0.001 0.998 0.002
BMI (kg/m?) 28(4) 28(5) 27(4) 28(4) 0.125 0.301 0.976 0.203
LDL-C (mg/dl) 134(38.6) 126(42.1) 131(38.5) 129(38.4) 0.426 0.951 0.763 0.978
HDL-C (mg/d) 58(18) 58(16) 61(16) 57(15) 0.251 0.421 0.945 0.232
TG (mg/dl) 123(86.3-175) 112(81.3-148) 107(78.0-145) 112(85-175) 0.068 0.080 0.996 0.199
systolic BP (mmHg) 135(17.2) 139(18.7) 139(16.9) 131(18.9) 0.006 0.447 0.345 0.023
diastolic BP (mmHg) 82(10.3) 83(10.8) 83(9.2) 82(9.8) 0.986 0.997 0.999 0.991
Fasting glucose (mg/dl) 98(90.0-1,113) 104(92.0-122) 97(87.0-112) 101(93.5-116) 0.049 0.740 0.750 0.260
CRP (mg/dl) 0.21(0.10-0.39) 0.31(0.16-0.57) 0.19(0.10- 0.22(0.10- 0.002 0.961 0.986 0.873
0.39) 0.47)
NT-proBNP (ng/ml) 124(64.8-265) 573(160-1,653) 255(172— 85.5(40.0— <0.001 <0.001 0.716 <0.001
1,053) 276)
Total protein (g/dl) 7.25(0.50) 7.27(0.47) 7.24(0.46) 7.34(0.36) 0.346 0.995 0.401 0.361
GOT (U/)) 25(21-32) 25(21-29) 25(21-30) 24(21-30) 0.219 1.000 0.766 0.837
Fatty liver index 56.3(25.8) 57.3(26.3) 51.0(26.8) 59.3(27.5) 0.154 0.433 0.814 0.134
eGFR (ml/min/1.73 m?) 102(9.0) 65(16) 75(9) 101(9) <0.001 <0.001 0.937 <0.001
Uromodulin (ng/ml) 229(68.8) 102(32.0) 215(56.5) 114(28.1) <0.001 0.126 <0.001 <0.001
Cystatin C (mg/l) 0.78(0.69-0.83) 1.10(0.98-1.26) 0.98(0.91- 0.78(0.72— <0.001 <0.001 0.780 <0.001
1.06) 0.84)
Diabetes mellitus (%) 23 34 22 31 0.051 1 0.484 0.527
Coronary artery disease (%) 80 82 76 80 0.682 0.986 0.873 0.748
Hypertension (%) 84 92 89 84 0.092 0.527 1 0.613
Smoking (active/ex/never, %) 23/45/32 11/46/43 14/36/50 21/46/33 0.024 0.259 0.968 0.594

including eGFR significantly improved risk prediction in LURIC.
Furthermore, when comparing UHGL with ULGH, we found
significant differences in age, sex, NT-proBNP, and prevalent
heart failure.

So far, uromodulin is the only known kidney-specific protein
(that can also be measured in the blood) and it has been
suggested to serve as a biomarker for nephron mass (20) or
the renal functional reserve. Recently, Pruijm et al. reported
a strong correlation between 24-h uromodulin excretion with
kidney length and volume determined by renal ultrasonography
as well as an association with markers of tubular function in
a population-based cohort (21) and conclude that uromodulin
“may reflect tubule activity in the general population.” Indeed,
mutations in the uromodulin gene give rise to autosomal
dominant tubulointerstitial kidney disease uromodulin-related
(ADTKD-UMOD) and reduced uromodulin excretion has been
reported for a number of renal diseases, e.g., glomerulonephritis,
diabetic nephropathy, or IgA nephropathy (6, 22-25). In IgA
nephropathy, uromodulin was shown to be associated with
interstitial fibrosis/tubular atrophy and to contribute to eGFR
decline (24). A report from the SPRINT trial showed that lower
uromodulin in urine was associated with incident acute kidney
injury, independent of eGFR and albuminuria (26). On the other
hand, in healthy kidney donors no correlation between serum

uromodulin and eGFR has been observed (27). In addition,
large GWAS metaanalyses have identified polymorphisms in the
UMOD promoter that are associated with a lower concentration
of uromodulin but higher eGFR (1), a lower risk for CKD, lower
blood pressure, a lower risk of hypertension (4), and left atrial
remodeling (28). This is explained by the fact that uromodulin
increases the activity of ion channels like the NaKCC2 ion
transporter or ROMK in the TAL and thereby enhances salt
uptake, which then leads to higher blood pressure and increased
cardiorenal risk.

It has been suggested that the link between uromodulin and
NaKCC2 is mediated through the regulation of intracellular
chloride levels and modulation of the chloride sensitive
WNK-SPAK/OSR1 pathway (29, 30), which leads to an
increased phosphorylation of NKCC2. The mechanism by
which uromodulin modulates SPAK/OSR1 activity could involve
potentialization of with-no-lysine kinase (WNK) activity, as
previously suggested (29).

NKCC2 and uromodulin are distributed in close spatial
vicinity on the surface of TAL cells and both share the same lipid
raft localization (31) and so it has been proposed that uromodulin
might act as a scaffold for WNK-SPAK/OSRI1-dependent
activation of NKCC2. Recently it has been demonstrated that
the activity of this pathway is increased in the kidneys of mice
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lacking hepsin, a transmembrane serine protease, which is critical
for the luminal release of uromodulin (32). The authors could
also show that this goes along with an increased phosphorylation
of NKCC2.

It has been shown that Umod knockout mice are resistant
to salt-induced changes in blood pressure and a transcriptome
study reported that Umod is necessary for the upregulation of
heat shock transcripts and the transcripts of seven electrolyte
transporters in response to salt stress (33). Further, it has
recently been reported that uromodulin also plays a role
in the reabsorption of NaCl and the fine-tuning of urinary
calcium and magnesium excretion in the distal convoluted tubule
(34, 35). In our study, the concentration of magnesium was
significantly higher in the groups with low sUmod in LURIC.
Another explanation for the seemingly paradoxical association
of Umod promoter variants with lower uromodulin but higher
eGFR proposes that the effect of these SNPs on kidney risk
is independent of Umod expression but due to effects on the
expression of neighboring or distal genes that are involved in
kidney disease (10).

In large proportions of our cohorts, we observed a discordant
behavior between sUmod and eGFR (38% in LURIC, 40%
in VIVIT). Regarding ULGH it has been shown that lower
concentrations of sUmod may be a novel marker to identify
early kidney function loss even when serum creatinine values
are still within a normal range (36). The synthesis of Umod
per functioning remaining nephron unit is increased in patients
with CKD, but may not compensate the overall loss of renal
parenchyma (37). In a similar manner, quantitative enzyme
and immunohistological analyses of kidney tissue sections from
patients with endstage CKD disclosed upregulation of various
proteins in single “resistant” hypertrophic and hypermetabolic
nephrons (38). Although uromodulin synthesis and intracellular
protein transfer might not be disturbed in these surviving
nephrons, preinjured epithelia of the thick ascending limb
of Henle (TAL) segment should downmodulate uromodulin
secretion at a very early stage. This thesis is supported by
the observation that sUmod levels decline in early CKD
where creatinine and cystatin ¢ concentrations still remain
unchanged (39).

This proposed state of early renal damage, with a mean eGFR
difference of 25 ml/min/1.73 m? in LURIC and 26 ml/min/1.73
m? in VIVIT, may partly explain the higher mortality in ULGH
vs. UHGH patients groups. ULGH patients might presumably
also display a more rapid CKD progression; however this has
not been studied in LURIC. In VIVIT, serum creatinine has been
measured at study baseline and at a 4-year follow-up. Creatinine
increased stronger in the ULGH group (0.78-0.83; paired ¢-
test p = 0.002) as compared to the UHGL group (0.89-0.92; p
=0.159).

Regarding the survival advantage of the ULGH group
compared to the ULGL group, the main cause probably is renal
function, that is on average at an eGFR of 62 mL/min/1.73 m? and
is considerably higher as compared to ULGL, despite an early,
pre-clinical renal damage [when compared to UHGH].

Importantly, rates of hypertension and heart failure are higher
in UHGL than in ULGH in LURIC, suggesting that sodium and
fluid overload occur that relate to high sUmod and cannot be

balanced by a largely preserved renal function such as in the
ULGH patient group.

In VIVIT, there was no significant difference in the rates of
hypertension between both groups. Information on heart failure
was not available in this cohort but the concentration of NT-
proBNP was almost three times higher in the ULGH group.

Conversely, when analyzing the higher mortality in UHGL vs.
UHGH patients groups, a difference in mortality that is exceeding
the difference between ULGH vs. UHGH by far, the obvious
culprit is impaired renal function, that associates with higher
rates of arterial hypertension, heart failure, and DM. The survival
advantage when comparing UHGL with ULGL may be explained
by protective, ie., antiinflammatory and immunomodulatory
effects of normal sUmod levels and by a somewhat better renal
function. The difference in eGFR between both groups was 10
ml/min/1.73 m? in favor of the UHGL patient group.

Applying a stricter clinical cutoff of 60 ml/min/1.73 m? for
eGFR in LURIC, we found significant differences between UHGL
and ULGH regarding a number of vasoactive biomarkers that
were not apparent in the analyses using the median groups
(Supplementary Table 1). NT-proBNP and angiotensin II were
significantly higher in UHGL as compared to ULGH. It is
important to notice that the percentage of patients suffering from
heart failure and hypertension was higher in UHGL, possibly
due to a sUmod mediated enhanced tubular activation of the
NKCL-cotransporter. It is tempting to speculate that elevated
central venous pressure in heart failure might promote renal
congestion (40). A reduced kidney perfusion pressure, associated
with potential medullary hypoxia, may lead to an activation
of the sympathetic nervous system and an upregulation of
the renin-angiotensin-aldosterone (RAAS) system, which helps
to explain the elevated concentrations of renin, angiotensin
II and noradrenaline in UHGL. Increased concentrations
of angiotensin-II and catecholamines consecutively promote
glomerular arteriolar vasoconstriction, thereby decreasing renal
plasma flow and ultimately eGFR (41). On the other hand,
patients in the ULGH group showed higher triglycerides, lower
mean LDL particle radius, higher fatty liver index and a higher
prevalence of CAD as compared to UHGL.

Of note, a recent study found that sUmod function might be
impaired by carbamylation in the setting of CKD (42) and that
could also partly account for the higher mortality in the UHGL
group as compared to ULGH.

Strengths and Limitations

All LURIC and VIVIT Study participants were of European
origin, therefore our findings may not be applicable to other
ethnicities. Both studies recruited participants that had been
referred for coronary angiography. Our results may therefore
not be generalizable to a healthy population. Uromodulin was
only measured once in baseline samples. Urine samples were
not available to assess urinary uromodulin and eGFR was only
calculated once at baseline in LURIC.

The major strengths of our cohorts are, however, the precise
clinical and metabolic characterization of the participants,
including the availability of coronary angiograms, their cross-
sectional and prospective design, and the long-term follow-up.
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CONCLUSION

In conclusion, assessing sUmod additionally to creatinine or
cystatin C allows a more precise risk modeling for all-cause
and cardiovascular mortality and might potentially improve
risk stratification. Patients in whom only eGFR is decreased
but sUmod remains high are more likely to be male and
suffering from heart failure, possibly due to a sUmod mediated
enhanced tubular activation of the NKCL-cotransporter. In
patients in whom only sUmod is decreased but eGFR remains
high we observed a higher prevalence of CAD, a higher fatty
liver index and elevated triglycerides that might point to
metabolic disturbances as key drivers of increased mortality.
The joint consideration of eGFR and uromodulin may have the
potential to dissect different forms of cardiorenal syndromes
according to their main pathophysiological drivers. Distinct
intrinsic metabolic and congruent clinical patterns related to
sUmod/eGFR profiles as addressed here for the first time may
also govern the susceptibility to risk indicators for kidney health
and disease.
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Study Objectives: Smoking and sleep are modifiable factors associated with the chronic
kidney diseases. However, the interaction of smoking and sleep on the renal function are
still unclear. Therefore, we aimed to evaluate the interactive impacts of smoking and sleep
on the renal function.

Methods: Data were obtained from the National Health and Nutrition Examination
Survey. The study population were categorized into nine subgroups by smoking (smoking
every day, sometimes, and non-smokers recently) and sleep duration (short duration <
6 h, normal duration 6-9 h, and longer duration > 9h on the weekdays).

Results: The study group with a short sleep duration had significantly higher serum
cotinine and hydrocotinine levels compared with the other two sleep groups. After
adjusting the demographic characteristics (age, race, body mass index, and marital
status), sleep quality (snoring or breathing cessation), and comorbidities (diabetes
mellitus, hypertension, high cholesterol, anemia, congestive heart failure, coronary heart
disease, and stroke), non-smokers with short or long sleep duration had significant lower
estimated glomerular filtration rate (€GFR) levels than the study group who smoked every
day and slept <6h. The effects of sleep duration on eGFR levels varied with smoking
status. For the study group smoking every day, eGFR levels increased as sleep duration
decreased, whereas for the study group smoking sometimes, eGFR levels increased as
sleep duration increased. The U-shaped effects of eGFR levels were observed among
non-smokers whose normal sleep duration was associated with better eGFR levels.
Normal sleep duration was an important protective factor of the renal function for
non-smokers than smokers.

Conclusions: The effects of sleep duration on eGFR levels varied with smoking status.
Normal sleep duration was a protective factor and more crucial for non-smokers than
for smokers.

Keywords: sleep, smoking, kidney function, NHANES, eGFR
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INTRODUCTION

Chronic kidney diseases (CKDs) represent a heavy burden on the
healthcare system because of the increasing number of patients,
high risk of progression to end-stage renal disease, and poor
prognosis with respect to morbidity and mortality (1). Sleep and
smoking are two main modifiable factors of CKDs (2). Sleep plays
an important role in every aspect of physiology. Sleep reduction
has become highly prevalent owing to access to artificial indoor
lighting, smartphones, and daily living activities. A population-
based study showed that 22.3% of men and 28.9% of women
aged > 16 years told their doctors that they had trouble sleeping
(3). Short sleep and long sleep duration (4) as well as poor
objective sleep quality have been shown to be associated with
the lower estimated glomerular filtration rate (eGFR) and CKD
development (5-7).

Smoking is a leading cause of preventable deaths worldwide
(8), and increases the risk of developing CKDs (9). The
association of longer smoking duration with a higher risk of
progression of CKDs was evident particularly in patients with
eGFR < 45 ml/min/1.73 m? and proteinuria > 1.0 g/g. By
contrast, the risk of adverse kidney outcomes decreased with
longer smoking-free periods among former smokers (10).

Smoking and sleep problems have been demonstrated to
have a reciprocal relationship with each other (10, 11). A
strong relationship between smoking and subsequent sleep
problems was observed in adolescents; this relationship was
independent of demographics, snoring, or sleep apnea (SA), body
mass index (BMI), depressive symptoms, alcohol use, and soda
consumption (12). However, to the best of our knowledge, no
study has evaluated the interaction effect of smoking and sleep
duration on kidney function. Therefore, we aimed to evaluate the
interactive impacts of smoking and sleep on renal function using
datasets from the National Health and Nutrition Examination
Survey (NHANES).

METHODS
Data Source

The National Health and Nutrition Examination Survey (13) is a
program of studies designed to assess the health and nutritional
status of adults and children in the United States. All the
participants provided informed written consent for the study,
which was approved by the Ethics Review Board of the National
Center for Health Statistics. We used the NHANES datasets
from 2017 to 2018, including all the cases of demographic
variables (DEMO_]J), questionnaire data of smoking and
cigarette use (SMQ_J), sleep disorders (SLQ_J), laboratory
data of albumin and creatinine—urine (ALB_CR_]J), cotinine
and hydroxycotinine—serum (COT_J), standard biochemistry
profile (BIOPRO_]J), blood pressure and cholesterol (BPQ_J),
diabetes (DIQ_J), and medical conditions (MCQ_]J).

Chronic Kidney Disease Epidemiology

Collaboration Equations for eGFR
The R package of “CKDEpi.creat” (14) and parameters of
serum creatinine, sex, age, and ethnicity were used to calculate

eGFR using the CKD-EPI equation. The CKD-EPI equation is
expressed as a single equation as follows: GFR = 141 x min
(Scr /K6, D* x max (Scr/k, 1)7129 x 0.993 28¢ % 1.018 [if female]
x 1.159 [if black], where Sc; is the standardized serum creatinine
in mg/dl, k is 0.7 for women and 0.9 for men, a is —0.329 for
women and —0.411 for men, min indicates the minimum of Sc;/k
or 1, and max indicates the maximum of Sc;/k or 1 (15). eGFR
values are presented in ml/min/1.73 m?2.

Statistical Analysis

Statistical analysis was performed using R version 4.0.2 (16).
The testing index distribution was skewed; hence, we used the R
package “bestNormalize” (17) to normalize the data. The testing
index of blood urea nitrogen (mmol/l) was normalized using the
center scale transformation whereas that of uric acid (pumol/l)
was normalized using square root transformation. The levels of
serum creatinine (jumol/l), urine creatinine (jumol/l), albumin-
creatinine ratio (mg/g), urine albumin (pg/ml), serum cotinine
(ng/ml), and serum hydroxycotinine (ng/ml) were normalized
using log transformation. The descriptive statistics of the testing
index are presented as non-normalized figures for clinical
use. Transformed figures were used in the multivariable linear
regression models. We performed univariable and multivariable
linear regression analyses to determine whether sleep and
smoking are associated with renal function while controlling for
demographic characteristics (age, gender, and marriage), body
measurement, marital status, sleep quality, and comorbidities.
Variables that were significant in the univariable models were
included in the multivariable analyses. The study population was
divided into nine subgroups based on sleep duration on weekdays
(<6, 6-9, and > 9h) and smoking (smoking every day, smoking
sometimes, and never smoking recently) for sensitivity analysis.
Forest plots were used to present the difference in eGFR levels
among the nine subgroups.

RESULTS

Risk Factors of Kidney Diseases

The significant risk factors of kidney diseases were as follows: (1)
demographic characteristics: male, older age, non-Hispanic white
race, higher BMI and widowed/divorced or separated status; (2)
sleep quality: frequent snoring or breath cession; (3) smoking:
higher serum cotinine and hydrocotinine levels, older age at
the start of smoking cigarettes regularly, no smoking recently,
smoking since waking for 6-30 min, higher number of smoking
days, number of cigarettes in the past 30 days; (4) comorbidities:
hypertension, high cholesterol levels, diabetes mellitus, failing
kidneys, anemia, congestive heart failure, coronary heart disease,
stroke, chronic obstructive pulmonary disease, and malignancy.
Blood urea nitrogen, serum creatinine, uric acid, and the
albumin-creatinine ratio were negatively associated with eGFR
levels (Table 1).

Baseline Characteristics and the Impacts

of Sleep Duration on the Renal Functions
The normal sleep duration group (nmSleep) was the youngest
(33.2 £ 24.3 years) and had the lowest BMI on average (25.6 +
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TABLE 1 | Univariable linear regression of the renal function.

eGFR (ml/min/1.73 m?)

B p-values
Demographic characteristics
Female (ref: male) 2.64 o
Age (year) —1.07 o
Race (ref: Mexican American)
Other Hispanic —6.86 o
Non-Hispanic white —15.36 o
Non-Hispanic black —4.24 =
Other Race—including multi-racial —5.43 e
Weight (kg) —0.21 e
Height (cm) —0.20
BMI (kg/m?) —0.64
Marital status (ref: Married or living with partner)
Never married 12.55 o
Widowed, divorced, or separated —11.51 e
Renal function
Blood urea nitrogen (mmol/L) —7.76 o
Creatinine, refrigerated serum (umol/L) —0.40 e
Uric acid (umol/L) -0.10 e
Albumin creatinine ratio (mg/g) —0.01 e
Metabolites of nicotine
Serum cotinine (ng/mL) -0.02 o
Serum hydrocotinine (ng/mL) —0.05 o
Sleep quality
Sleep duration on weekdays (h) —-0.11 0.60
How often do you snore? (ref: never)
Rarely—1-2 nights a week —2.51 *
Occasionally—3-4 nights a week —7.91 e
Frequently—5 or more nights a week —8.60 i
How often do you snort or stop breathing (ref: never)
Rarely—1-2 nights a week —2.66 *
Occasionally—3-4 nights a week —6.78 o
Frequently—5 or more nights a week —10.90 o
Smoking status
Age started smoking cigarettes regularly —0.23 -
Do you now smoke cigarettes? (ref: Every day)
Some days 0.93 0.63
Not at all —12.41 e
How soon after waking do you smoke (ref: Within 5 min)
6 ~ 30min —4.95 *
>30min —1.81 0.40
# days smoked cigarettes during past 30 days —-0.42 e
Average # cigarettes/day during past 30 days —-0.21 *
Tried to quit smoking 0.78 0.60
Comorbidities
High blood pressure —21.40 e
High cholesterol —17.85 o
Diabetes (ref: Yes)
No 22.64 e

(Continued)
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TABLE 1 | Continued

eGFR (ml/min/1.73 m?)

B p-values

Borderline 10.27

Failing kidneys —37.57

Anemia —7.14

Congestive heart failure —28.80

Coronary heart disease —23.38

Stroke —-21.78

Chronic obstructive pulmonary disease —16.74

Malignancy —20.38 o

*p < 0.05, **p < 0.01, **p < 0.001. Ref, reference group.

8.14 kg/m?). The primary marital status of nmSleep was married
or living with partners (60.5%) compared with the other two
sleep groups with less or more sleep duration (abbreviation:
lessSleep and moreSleep). Except for malignancy, nmSleep had
a lower prevalence of hypertension, high cholesterol, DM, failing
kidneys, anemia, congestive heart failure, coronary heart disease,
heart attack, stroke, and COPD than the other two sleep
groups (Table 2).

Renal function was associated with sleep duration. nmSleep
and moreSleep had higher eGFR levels. nmSleep had the lowest
blood urea nitrogen, the lowest serum creatinine, and a lower uric
acid among the three sleep groups. No difference was found in
the albumin-creatinine ratio. Taken together, nmSleep had the
best renal function. The U-shaped effects of the renal function
levels were observed among the sleep duration groups (Table 2).
Significantly higher cotinine (75.6 & 152 ng/ml, p < 0.001) and
hydrocotinine (30.9 & 82 ng/ml, p < 0.001) levels were observed
in lessSleep compared with the other two sleep groups (Table 2;
Figure 1A).

Baseline Characteristics and the Impacts

of Smoking on the Renal Functions

The non-smoker group (noSmoking) was predominantly male
(63.5%), non-Hispanic White (45.7%), married or living with
partners, and older (58.8 & 17 years) and had higher BMI (30.8
+ 7.39 kg/m?). The prevalence of hypertension, high cholesterol,
DM, failing kidneys, anemia, congestive heart failure, coronary
heart disease, and malignancy was higher in noSmoking than
other smoking groups of smoking every day (edSmoking) or
smoking sometimes (stSmoking). The COPD prevalence was the
highest in edSmoking (Table 3).

The non-smoker group had worse indices of the renal function
than the other two smoking groups, but no difference was found
in albumin-creatinine ratio levels (Table 3). The cotinine and
hydrocotinine levels were positively associated with smoking
frequency (Table 3; Figure 1B). They were highly correlated with
each other as well with the Pearson correlation r 0.85 (p < 0.001)
(Figure 1C).

Sleep Quality and Smoking Characteristics
of the Study Population

Study population with sleep duration <6 h tended to had worse
sleep qualities of snoring, breath cessation, and having trouble
in sleeping. This sleep subgroup was more likely to smoke every
day, smoke at least 100 cigarettes in life, and smoke within 30 min
after waking up (Table 4). Over half percent of nmSleep and
moreSleep did not smoke recently. The average sleep duration
of edSmoking, stSmoking, and noSmoking were 7.42 £ 1.91,
7.50 £ 1.77, and 7.66 + 1.66h, respectively. There was no
significant difference in the sleep qualities among the three
smoking subgroups (Table 5). The U-shaped effects of cotinine
levels among the three sleep subgroups were only observed in the
study population smoked sometimes that normal sleep duration
group had lower cotinine levels (Figure 1D).

The Interactive Impacts of Sleep Duration

and Smoking on the Renal Function

The baseline eGFR levels of the study population who smoked
every day or were sometimes similar and higher than the non-
smokers (Figure 2A). Although the interaction term of smoking
and sleep duration was not significant in the multivariable linear
regression analysis (data not shown), the patterns of eGFR levels
in the nine subgroups varied. For the study population who
smoked every day, the longer the sleep time, the lower the
eGFR levels. For non-smokers, the reverse U-shaped effects of
eGFR levels were observed. Non-smokers with normal sleep
duration had higher eGFR levels as compared with the other two
sleep groups. For the study population who smoked sometimes,
the longer sleep duration, the higher were the eGFR levels
(Figure 2B).

After the adjustment of the demographic characteristics
(age, race, BMI, and marital status), sleep quality (snoring
or breathing cessation), and comorbidities (diabetes, high
blood pressure, high cholesterol, anemia, congestive heart
failure, coronary heart disease, and stroke), only noSmoking-
lessSleep and noSmoking-moreSleep had significantly lowered
eGFR levels compared with edSmoking-lessSleep. The U-
shaped effect of sleep duration on the renal function was
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TABLE 2 | Baseline characteristics of study population grouped by sleep duration.

Sleep duration on weekdays

<6h 6-9h >9h p-values

(n=1,118) (n =5,652) (n =1,499)
Demographic characteristics
Female 512 (45.8%) 2,874 (50.8%) 841 (56.1%)
Age (year) 48.5(17.8) 33.3 (24.9) 49.1 (22.0)
Race o
Mexican American 136 (12.2%) 848 (15.0%) 223 (14.9%)
Other Hispanic 105 (9.39%) 489 (8.65%) 140 (9.34%)
Non-Hispanic white 314 (28.1%) 1,907 (33.7%) 538 (35.9%)
Non-Hispanic black 367 (32.8%) 1,211 (21.4%) 335 (22.3%)
Other Race—including multi-racial 196 (17.5%) 1,197 (21.2%) 263 (17.5%)
Weight (kg) 85.2 (24.9) 65.3 (30.4) 79.3 (22.2) e
Height (cm) 167 (10.3) 155 (22.0) 165 (9.90) e
BMI (kg/m?) 30.3 (8.10) 25.6 (8.14) 28.9 (7.29)
Marital status .
Married or living with partner 602 (57.6%) 1,949 (60.5%) 701 (564.1%)
Never married 199 (19.0%) 569 (17.7%) 238 (18.4%)
Widowed, divorced, or separated 245 (23.4%) 704 (21.8%) 356 (27.5%)
Comorbidities
High blood pressure 424 (37.9%) 1,181 (33.4%) 532 (35.6%) *
High cholesterol 356 (32.2%) 1,117 (31.7%) 495 (33.2%) 0.60
Diabetes e
Yes 154 (13.8%) 487 (8.62%) 252 (16.8%)
No 926 (82.9%) 5,050 (89.4%) 1,212 (80.9%)
Borderline 7 (3.31%) 113 (2.00%) 34 (2.27%)
Failing kidneys 0 (4.79%) 100 (3.10%) 73 (5.64%)
Anemia 4 (4.84%) 177 (3.13%) 89 (5.97%)
Congestive heart failure 55 (5.27%) 85 (2.64%) 61 (4.72%) o
Coronary heart disease 60 (5.74%) 121 (8.76%) 84 (6.49%) e
Stroke 7 (5.47%) 118 (3.67%) 98 (7.56%) -
Chronic obstructive pulmonary disease 1(6.81%) 135 (4.19%) 87 (6.72%) e
Malignancy 1(8.71%) 334 (10.4%) 163 (12.6%) e
Renal function
Blood Urea Nitrogen (mmol/L) 5.36 (2.28) 5.14 (2.04) 5.33 (2.26) *
Creatinine, refrigerated serum (umol/L) 82.6 (53.5) 75.1 (33.3) 79.6 (42.1) o
eGFR (ml/min/1.73 m?) 95.8 (25.5) 103 (28.8) 95.0 (28.6)
Uric acid (umol/L) 330 (87.9) 320 (87.9) 319 (88.4) *
Albumin creatinine ratio (mg/g) 44.0 (223) 38.1 (294) 59.9 (365) 0.06
Metabolites of nicotine
Serum cotinine (ng/mL) 75.6 (152) 30.4 (95.9) 49.7 (122) e
Seum hydrocotinine (ng/mL) 30.9 (82.0) 11.7 (41.6) 21.4 (58.8) e
*p < 0.05, **p < 0.01, **p < 0.001 using statistical methods of ANOVA and Chi-squared test.
significantly observed in noSmoking that nmSleep had better ~DISCUSSION

eGFR than the other two sleep groups (Figure 3). Normal sleep
duration was a predominant profactor of the renal function in
noSmoking. For the smokers, sleep duration had no significant
effect on eGFR. A controversial finding is that noSmoking—
moreSleep or noSmoking-lessSleep had lower eGFR than
edSmoking-lessSleep in both the univariable and multivariable
models (Figure 3).

Accumulating the clinical evidence suggests that cigarette
smoking has a negative effect on the renal function, kidney
dimensions (18), and CKD development of different etiologies,
including DM, and hypertension (19, 20). Cigarette smoking is
one of the most important modifiable renal risk factors (21).
Nicotine, a major tobacco alkaloid, associates smoking with renal
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FIGURE 1 | The association among smoking, cotinine, hydrocotinine, and sleep duration. Boxplots of serum cotinine levels grouped by sleep duration (<6, 6-9, and
>9h) (A), grouped by smoking frequency (B), and grouped by sleep duration and smoking frequency (D). (C)The scatter plot of cotinine and hydrocotinine with the
Pearson correlation r = 0.85.

dysfunction (22, 23). The risk of adverse kidney outcomes was
incrementally higher as a smoking pack-years increased (24).
Exposure to nicotine has been strongly shown to enhance renal
oxidative stress (22) and kidney failure (25). Chronic exposure to
nicotine accelerates the onset and progression of renal diseases in
habitual cigarette smokers.

A major pathway of nicotine metabolism is C-oxidation,
followed by cotinine; and the subsequent hydroxylation to
trans-3'-hydroxycotinine. Moreover, 85-95% of the total
nicotine uptake is eliminated as cotinine, hydroxycotinine, and
glucuronides in the urine (26, 27). Cotinine has a longer plasma
half-life than nicotine and showed a dose-dependent effect of
smoking exposure (26, 28-30). This is in line with our finding;
smoking frequency and serum cotinine and hydrocotinine levels
were positively associated with each other. Therefore, we divided
the smoking groups by the self-report of smoking frequency
from the NHANES dataset.

The mechanisms of smoking-related renal damage are poorly
understood, but the damage is likely caused by vascular
and tubular effects (22). Smoking may sensitize the kidney
to ischemic insults and perhaps facilitate the progression of
acute kidney injury to chronic kidney injury (22). Nicotine
increases the severity of renal injury in animal models leading
to acute kidney injury, DM, acute nephritis, and subtotal
nephrectomy (19). Nicotine stimulates the proliferation and

hypertrophy of mesangial cells. Nicotine administration to sham
rats increased total proteinuria but not albuminuria, indicating
that nicotine directly affects tubular protein reabsorption (31). In
humans, nicotine induces transitory increases in blood pressure
accompanied by reductions in eGFR and effective renal plasma
flow (19).

We found that the serum blood urea nitrogen and creatinine
were higher and that eGFR levels were lower in the group of
noSmoking than in the group of edSmoking and stSmoking after
adjusting for age, race, BMI, marital status, and comorbidities
(DM, hypertension, high cholesterol level, congestive heart
failure, coronary heart disease, angina/angina pectoris, heart
attack, stroke, emphysema, chronic bronchitis, and anemia). This
finding is contradictory to the results of most studies (19-25).

In a study involving 28,409 individuals, smokers exhibited
a slightly higher creatinine clearance rate than non-smokers at
least in men after adjusting for hypertension (32). Moreover, the
administration of nicotine to adolescent mice for 4 weeks incited
higher oxidative stress and tubular injury than in adult kidney,
but it did not modify creatinine levels (33). Does this higher
creatinine clearance in smokers signify a better renal function?
This increase may reflect a direct effect of smoking on tubular
creatinine secretion or interfere with the estimation methods of
creatinine. A 24-h urine collection would considerably eliminate
any interference between smoking and estimation of creatinine
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TABLE 3 | Baseline characteristics of study population grouped by smoking.

Do you now smoking?

Every day Some days Not at all p-values

(n = 805) (n = 216) (n =1,338)
Demographic characteristics
Female 336 (41.7%) 89 (41.2%) 488 (36.5%) *
Age (year) 47.7 (16.0) 46.2 (16.1) 58.8 (17.0)
Race o
Mexican American 57 (7.08%) 1(19.0%) 170 (12.7%)
Other Hispanic 41 (5.09%) 14 (6.48%) 118 (8.82%)
Non-Hispanic white 368 (45.7%) 59 (27.3%) 611 (45.7%)
Non-Hispanic black 233 (28.9%) 4 (29.6%) 256 (19.1%)
Other Race—including multi-racial 106 (13.2%) 38 (17.6%) 183 (13.7%)
Weight (kg) 82.7 (24.5) 86.6 (21.6) 87.4 (23.0) e
Height (cm) 169 (9.31) 170 (9.65) 168 (9.43) *
BMI (kg/m?) 28.8 (8.11) 30.0 (6.86) 30.8 (7.39)
Marital status e
Married or living with partner 397 (49.9%) 105 (50.0%) 809 (60.9%)
Never married 184 (23.1%) 54 (25.7%) 135 (10.2%)
Widowed, divorced, or separated 215 (27.0%) 51 (24.3%) 384 (28.9%)
Comorbidities
High blood pressure 292 (36.3%) 3(33.8%) 669 (50.2%) e
High cholesterol levels 215 (26.9%) 66 (31.3%) 635 (47.9%) e
Diabetes e
Yes 96 (11.9%) 27 (12.5%) 313 (23.4%)
No 695 (86.3%) 183 (84.7%) 975 (72.9%)
Borderline 4 (1.74%) 6 (2.78%) 49 (3.66%)
Failing kidneys 9 (2.39%) 8 (3.81%) 91 (6.86%)
Anemia 1(3.86%) 6 (2.79%) 70 (5.25%) 0.14
Congestive heart failure 27 (3.41%) 5(2.38%) 101 (7.64%) .
Coronary heart disease 9 (3.66%) 9 (4.29%) 123 (9.30%) e
Stroke 9 (7.44%) 8(3.81%) 93 (7.02%) 0.17
Chronic obstructive pulmonary disease 107 (13.5%) 13 (6.19%) 128 (9.66%) =
Malignancy 69 (8.68%) 18 (8.57%) 214 (16.1%) e
Renal function
Blood Urea Nitrogen (mmol/L) 4.83 (1.83) 4.93 (1.84) 6.05 (2.60) e
Creatinine, refrigerated serum (umol/L) 79.1 (23.1) 79.2 (21.9) 88.1 (45.0) .
eGFR (ml/min/1.73 m?) 96.5 (21.9) 97.5 (21.7) 84.1(24.6)
Uric acid (umol/L) 321 (88.6) 325 (81.9) 347 (92.6) o
Albumin creatinine ratio (mg/g) 37.1 (162) 34.7 (168) 58.4 (283) 0.11
Metabolites of nicotine
Serum cotinine (ng/mL) 263 (139) 124 (140) 35.8 (118) e
Serum hydrocotinine (ng/mL) 102 (76.9) 49.7 (57.6) 16.0 (61.6) e

*p < 0.05, **p < 0.01, **p < 0.001 using statistical methods of ANOVA and Chi-squared test.

levels (32). The creatinine-based eGFR raises as the smoking
amount increases, whereas the cystatin C-based eGFR decreases
(34). This finding might indicate that creatinine-based eGFR,
which was adopted in this study, may not be an ideal marker to
estimate the relationship between smoking and renal function.
Current smoking status cannot reflect the history of past
exposure to cigarettes, and nicotine tends to be a short-term

exposure marker of smoking. This is a limitation of this study.
A high proportion of noSmoking individuals may have had a
history of long past exposure to smoking cigarettes.

The finding of better renal function in smokers might have
some biological plausibility. Lower doses of subacute nicotine
administration can enhance renal function (35). Moreover,
nicotine has a protective effect against neurotoxic insults and may
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TABLE 4 | Sleep quality and smoking characteristics of study population grouped by sleep duration.

Sleep duration on weekdays

<6h 6-9h >9h p-values

(n=1,118) (n = 5,652) (n = 1,499)
Sleep quality
Sleep duration (h) 5.23 (0.969) 7.54 (0.617) 9.74 (1.01)
How often do you snore o
Never 284 (27.9%) 925 (28.2%) 479 (34.2%)
Rarely—1-2 nights a week 226 (22.2%) 828 (25.2%) 316 (22.5%)
Occasionally—3-4 nights a week 185 (18.2%) 648 (19.7%) 235 (16.8%)
Frequently—5 or more nights a week 324 (31.8%) 881 (26.8%) 372 (26.5%)
How often do you snore or have breath cessation ol
Never 778 (74.0%) 2,592 (77.6%) 1,104 (77.7%)
Rarely—1-2 nights a week 133 (12.7%) 408 (12.2%) 158 (11.1%)
Occasionally—3-4 nights a week 59 (5.61%) 200 (5.98%) 102 (7.18%)
Frequently—5 or more nights a week 81 (7.71%) 142 (4.25%) 57 (4.01%)
Having trouble sleeping 346 (30.9%) 858 (24.2%) 417 (27.9%) e
Smoking status
Smoked at least 100 cigarettes in life (yes/no) 489 (45.3%) 1,293 (38.4%) 577 (40.8%) .
Age started smoking cigarettes regularly (years) 17.8 (6.06) 18.0 (6.53) 17.9 (6.33) 0.89
Do you now smoke cigarettes *
Every day 202 (41.3%) 417 (32.3%) 186 (32.2%)
Some days 50 (10.2%) 120 (9.28%) 46 (7.97%)
Not at all 237 (48.5%) 756 (58.5%) 345 (59.8%)
How soon after waking do you smoke *
<5min 54 (27.7%) 85 (20.3%) 56 (31.3%)
6 ~ 30min 66 (33.8%) 157 (37.5%) 48 (26.8%)
>30min 75 (38.5%) 177 (42.2%) 75 (41.9%)
# days smoked cigarettes during past 30 days 25.6 (8.65) 24.2 (10.0) 24.8 (9.19) 0.16
Average # cigarettes/day during past 30 days 11.2 (8.06) 11.2 (8.77) 10.3 (7.53) 0.42
Tried to quit smoking (yes/no) 126 (49.6%) 290 (53.0%) 125 (53.4%) 0.62

*0 < 0.05, *p < 0.01, **p < 0.001 using statistical methods of ANOVA and Chi-squared test.

be of potential therapeutic value in Parkinson’s disease (36). In
addition, cotinine reduced fear memory and anxiety after fear
conditioning and improved working memory in a mouse model
of Alzheimer’s disease and in a monkey model of schizophrenia
(37). Nicotine pretreatment reduced tubular damage (tubular cell
apoptosis and proliferative response) due to an innate immune
response in animal model experiments (38).

We found that the normal sleep duration of 6-9 h is associated
with better eGFR and other renal function indices (blood urea
nitrogen, creatinine, and uric acid) compared with the other two
sleep duration groups; however, there was no difference in the
albumin—creatinine ratio. In agreement with the previous studies,
short and long sleep durations have been associated with adverse
health outcomes in the general population (39, 40) and in patients
with CKDs and diabetic kidney disease (DKD) (39, 41, 42).
Overall, the cutoffs of normal sleep duration (6-8 or 6-9h)
may differ slightly, but the finding remained consistent (42).
Physiological evidence indicated that sleep influences kidney
function. The genetic risk score for short, but not long, sleep

duration was significantly related with a higher risk of CKD
stages 3-5 (6).

A poor sleep profile or quality is another important risk
factor of increasing CKDs risk (42). SA is a condition that has
serious health consequences, has an increased risk of death,
and is common in patients with CKDs (43, 44) and DKD (45).
Obstructive SA-related hypoxia causes several negative systemic
effects, including oxidative stress (46, 47), inflammation, and
sympathetic activation, all of which contribute to the progression
of renal disease. In turn, CKD can result in the increased severity
of SA by inducing uremic neuropathy and myopathy, altered
chemosensitivity, and hypervolemia (43).

Sleeping behaviors and smoking have a reciprocal effect and
a moderate correlation with genetics (48). Severe smoking
status appears to have a causal effect on the circadian
rhythm, and some evidence has shown that insomnia
increases smoking heaviness and impedes cessation (48).
Indeed, cigarette smoking has been shown to be associated
with sleep disturbance via prolonged sleep-onset latency,
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TABLE 5 | Sleep and smoking characteristics of study population grouped by smoking.

Do you now smoking?

Every day Some days Not at all p-values
(n = 805) (n =216) (n =1,338)
Sleep quality
Sleep duration (h) 7.42 (1.91) 7.50 (1.77) 7.66 (1.66) *
How often do you snore 0.14
Never 2083 (27.5%) 53 (27.0%) 277 (22.8%)
Rarely—1-2 nights a week 144 (19.5%) 49 (25.0%) 274 (22.6%)
Occasionally—3-4 nights a week 136 (18.4%) 31 (15.8%) 242 (19.9%)
Frequently—5 or more nights a week 255 (34.6%) 63 (32.1%) 422 (34.7%)
How often do you snort or have breath cessation 0.59
Never 516 (70.3%) 159 (77.6%) 874 (71.0%)
Rarely—1-2 nights a week 107 (14.6%) 23 (11.2%) 174 (14.1%)
Occasionally—3-4 nights a week 61 (8.31%) 12 (5.85%) 95 (7.72%)
Frequently—5 or more nights a week 50 (6.81%) 11 (6.37%) 88 (7.15%)
Having trouble sleeping 296 (36.8%) 66 (30.6%) 464 (34.7%) 0.21
Smoking status
Age started smoking cigarettes regularly (years) 17.9 (6.07) 18.9 (9.28) 17.8 (6.97) 0.07
How soon after waking do you smoke
<5min 194 (24.9%) - -
6 ~ 30min 270 (34.7%) - -
>30min 315 (40.4%) - -
# days smoked cigarettes during past 30 days 29.4 (2.99) 11.3(7.15) - e
Average # cigarettes/day during past 30 days 12.8 (8.07) 4,13 (4.99) - e

*p < 0.05, **p < 0.001 using statistical methods of ANOVA and Chi-squared test.

higher dopamine levels, and lower dopamine transporter
levels in the cerebrospinal fluid of active smokers (49). The
symptoms of cigarette smoking and nicotine dependence were
associated with poor sleep quality in young adult smokers
(50). Both oral nicotine administration and abstinence led to
sleep disturbances in mice (51). In line with these findings,
lessSleep individuals were shown to be more likely to smoke
and had higher levels of cotinine and hydrocotinine in
this study.

Many studies have discussed the individual association of
sleep and smoking with the renal function in general, CKDs
or DKD population. To the best of our knowledge, this is the
first study to discuss the interaction effect of sleep duration
and smoking on renal function. We observed that the non-
smokers who had less or more sleep exhibited significantly lower
eGFR levels compared with those who smoked every day and
slept less. This association was independent of demographic
characteristics (age, race, BMI, marital status), sleep quality of
snoring or breathing cessation, and comorbidities (high blood
pressure, high cholesterol, anemia, congestive heart failure,
coronary heart disease, and stroke). This finding contradicts
those of many studies that the risk of adverse kidney outcomes
was incrementally higher as smoking pack-years increased (18,
19, 24). Even, we evaluated the eGFR of normal or abnormal
serum cotinine groups, the average eGFR levels of the abnormal

cotinine group were still slightly higher than the normal cotinine
group. In noSmoking, the eGFR levels of the study population
with normal levels of cotinine or hydrocotinine were lower than
or equal to those with abnormal levels of cotinine.

The contradictory findings of smoking and nicotine on
adverse kidney outcomes can be attributed to the following
factors: (1) information on the nicotine exposure history of
dose and length are not available (52), (2) creatinine-based
eGFR may not be an ideal marker to estimate the relationship
between smoking and the renal function (34), (3) other harmful
ingredients from cigarettes have a greater effect on the renal
function than nicotine (53), and (4) the non-smoking group
possessed more risk factors (older age, male predominance,
BMI, higher proportion of non-Hispanic white race, and higher
prevalence of comorbidities). Despite our efforts to adjust for the
potential confounders in the models, other residual confounders
may still exist. During modeling, we found that after adjusting
for age, the difference in eGFR levels between the smokers and
non-smokers decreased. Older age played an important role in
the development of adverse kidney function.

Among the non-smokers, sleep duration had a significant
effect on eGFR. Either less or more sleep duration was harmful
to the renal function, which was associated with a decline
in eGFR. Normal sleep duration is an important profactor
of the renal function in the non-smoking population. No
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FIGURE 2 | The estimated glomerular filtration rate (eGFR) levels of the nine subgroups of study population by sleep duration and smoking frequency. (A) The average
eGFR levels of nine subgroups. (B) The B value of eGFR in multivariable linear regression models after adjusting age, race, body mass index (BMI), marital status,
frequency of snoring or breath cessation, diabetes, high blood pressure, high cholesterol, anemia, congestive heart failure, coronary heart disease and stroke. Marks
in red border and asterisks denoted p < 0.05 in the multivariable linear regression models.

statistical significance of interaction effect was found between
sleep duration and smoking status on eGFR in the multivariable
linear regression models. However, the effects of sleep duration
on eGFR levels varied with the smoking frequency. The eGFR
levels of edSmoking increased as the sleep duration decreased,
whereas the eGFR levels of stSmoking increased as the sleep
duration increased. The U-shape effects of eGFR levels were
observed among the non-smokers; the group with normal sleep
duration had the highest eGFR levels. To the best of our
knowledge, this is the first study to examine the interaction of
sleep duration and smoking status on eGFR. However, because
the NHANES datasets are cross-sectional, we were unable

to understand the causal effects. Moreover, a reciprocal and
prospective relationship exists between smoking and sleeping
problems (12), and further research is required to unravel
whether renal function has a reciprocal effect on sleep as well.

CONCLUSIONS

The effects of sleep duration on the renal function varied
with smoking frequency. The non-smokers with short or
long sleep duration exhibited significantly lower eGFR
levels compared with those who smoked every day and
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2 was adjusted by age, race, BMI, and marital status. Model 3 was adjusted by age, race, BMI, marital status, frequency of snoring or breath cessation, diabetes, high
blood pressure, high cholesterol, anemia, congestive heart failure, coronary heart disease, and stroke.

slept less after adjusting for demographic characteristics,
sleep quality, and comorbidities. Normal sleep duration
was a protective and more crucial factor for the non-
smokers than for smokers. As this was a cross-sectional
study, further longitudinal studies are required to
confirm the causal effects of sleep and smoking on the
renal function.
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Obesity is a chronic disease, with a rapidly increasing prevalence worldwide. Body
mass index (BMI) provides the most useful population-level measure of overweight
and obesity. For adults, overweight is defined as a BMI (Kg/m?) > 25, and obesity
as a BMI > 30, for non-Asians and > 27.5 for Asians. Abdominal obesity can be
defined as a waist circumference equal to or higher than 102 cm for men and >88 cm
for women. The definition of children and adolescents BMI changes with age and
sex. Obesity may be exogenous or endogenous obesity, the latter is multifactorial and
predominantly manifested during childhood. Presently, overweight and obesity are linked
to more deaths worldwide than underweight. The total kidney glomerular filtration rate
(GFR) is determined by the sum of nephrons and the GFR within each nephron or
single nephron GFR. In clinical practice, GFR is more frequently calculated by GFR
estimating equations based upon the plasma levels of creatinine, cystatin C, or both.
The measured value of plasma creatinine is strongly influenced by non-GFR factors,
by its tubular and gastrointestinal secretion, and by the problems associated with the
lack of standardization of creatinine’s laboratory assay discrediting it as an ideal GFR
biomarker. Unlike creatinine, cystatin C plasma levels are mainly determined by GFR.
Obesity may affect the kidney, via development of systemic arterial hypertension and/or
diabetes mellitus, or directly, by ectopic accumulation of adipose tissue in the kidney. As
obesity is a clinical condition associated with altered body composition, creatinine may
not be the ideal biomarker for GFR measurement in obese individuals.

Keywords: obesity, glomerular filtration rate, creatinine, cystatin C, pediatric, adult

INTRODUCTION

The global prevalence of obesity has nearly tripled between 1975 and 2016. Approximately 13% of
the world’s adult population (11% of men and 15% of women) could be classified as obese in 2016.
In the same period, the prevalence of overweight and obesity among children and adolescents, aged
5-19, of both sexes, has risen from 4% in 1975 to over 18% in 2016".

Obesity is a chronic disease, which results from long-term positive energy balance with
development of excessive body fat mass. It leads to structural and functional abnormalities
potentially associated with an elevated to premature mortality risk (1). Body mass index (BMI)
provides the most useful, although rough, population-level measure of overweight and obesity but
as BMI cannot differentiate between lean and fat body mass, it may not correspond to the same
degree of fatness in different individuals!.

Uhttps://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (accessed Aug 22, 2021).
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THE DEFINITION OF OVERWEIGHT AND
OBESITY ACROSS THE LIFESPAN

For adults, overweight is defined as a BMI > 25 Kg/m?, and
obesity as a BMI > 30 Kg/m?, for non-Asians and >27.5 Kg/m?
for Asians and abdominal obesity can be defined as a waist
circumference >102 cm for men and >88 cm for women (2)!.

In children and adolescents, growth, and maturation lead to
changes of BMI with age and sex. There are at least three different
definition proposals for child and adolescent overweight and
obesity, which have been issued by the WHO, the Center for
Disease Control and Prevention CDC) and by the International
Obesity Task Force (IOTF). The WHO criteria recommend
utilization of BMI for adolescents and weight- for- height/ length
Z-score for children (3). The Center for Disease Control and
Prevention (CDC) has derived sets of percentiles of age and sex-
specific BMI for children and adolescents aged 2-20 years, in the
United States (4). The International Obesity Task Force (IOTF)
obtained data on body mass index (weight/height) from six large
cross-sectional surveys on growth from Brazil, Great Britain,
Hong Kong, the Netherlands, Singapore, and the US, including
97,876 males and 94,851 females from birth to 25 years of age. For
each of the surveys, centile curves were drawn passing through
the established cut-off points of 25 and 30 kg/m? for adult weight
and obesity, at age 18 years. The resulting curves were averaged
to provide age- and sex- specific cut-off points from 2 to 18 years
(5). Despite a consensus between the two most frequently used
criteria, CDC and IOTF, their discrepancies about age, gender,
and country are noticeable and render the estimated prevalence
rates of overweight and obesity non-comparable worldwide (6).

For children >2 years of age, using the CDC criteria,
overweight may be defined as BMI >85th percentile but <95th
percentile for age and sex, obesity as BMI >95th percentile, and
extreme obesity if the BMI is >120% of the 95th percentile or >35
kg/m? (7). For children <2 years of age, obesity may be defined as
the sex-specific weight for recumbent length >97.7th percentile
on the World Health Organization (WHO) charts (7). A new
classification system recognizes BMI >95th percentile as class I
obesity, BMI > 120% of the 95th percentile as class II obesity, and
BMI > 140% of the 95th percentile as class IIT obesity. Class IT and
III obesity are strongly associated with greater cardiovascular and
metabolic risk (8).

Table 1 presents a summary of the cut -off values used
to define overweight and obesity in the pediatric age range
and in adulthood.

Waist circumference (WC), waist-to-hip ratio and waist-to-
height ratio (WHtR) reference percentiles are used to define
abdominal obesity in children and adolescents, these indices
may vary according to ethnicity (10-13). Observations from
pediatric and adult studies suggest WHtR and WC to be
independent and more significant predictors of cardiometabolic
outcomes than BMI, Mean threshold values for WHtR, covering
all cardiometabolic outcomes, from studies in fourteen different
countries and including Caucasian, Asian and Central American
subjects, were 0.50 for men and 0.50 for women. The AUROC
analyses indicate that WHtR may be a more useful global clinical
screening tool than WC, with a weighted mean threshold value

TABLE 1 | Cut-off values used to define overweight and obesity in childhood and
adulthood.

Overweight Obesity

CHILDREN AND ADOLESCENTS
CDC Children 2-20 years of age

BMI >85th percentile but <95th percentile
for age and sex

BMI >95th percentile

WHO children <5 years of age

BMI or Weight for length/ height > +2SD
WHO Child Growth Standards median

Obese: BMI or Weight for length/
height > +3SD WHO Child Growth
Standards median

WHO 5-19 years of age
BMI > +1SD WHO Growth Reference BMI > +2 SD WHO Growth
median; Reference median;

I0OTH 2-18 years of age

Age- and sex- specific cut-off points to
correspond to BMI cut-offs of 25 kg/m? at
18 years of age

ADULTS
BMI > 25 Kg/m?

Age- and sex- specific cut-off points
to correspond to BMI cut-offs of 30
kg/m? at 18 years of age

BMI >30 Kg/m2 for non- Asians and
> 27.5 Kg/m? for Asians

Source: Modified from references (1, 2, 7, 9)'.
CDC, Centers for Disease Control and Prevention; IOTF, International Obesity Task Force;
BMI, Body Mass Index; WHO, World Health Organization.

of 0.5, or in simpler terms, for public health purposes, the “waist
circumference should be kept to less than half the individual’s
height” (14).

OBESITY AS A MULTIFACTORIAL ENTITY

The Etiology of Obesity May Be

Endogenous or Exogenous

The development of exogenous or acquired obesity requires
chronic overconsumption, leading to storage of excess caloric
intake as lipid in fat cells, without behavioral or metabolic
compensation (15). In healthy individuals, 70-95% of
insulin-mediated glucose disposal is undertaken by skeletal
muscle-cells. The functional compromise of skeletal muscle-cell
metabolic-flux and concomitant insulin sensitivity, which are
the main determinants of metabolic control, lead to increased
availability of glucose or other serum energy substrates for
adipogenesis. Of note, the major modifiable determinant of
skeletal muscle cell insulin sensitivity is physical activity,
extremely low levels of physical activity decreases both insulin
sensitivity and metabolic control (15).

Over the past few generations, physical activity and fitness
levels declined in both children and adults (16). When an
individual’s physical activity falls below the “metabolic tipping
point,” defined as the minimum amount of physical activity and
associated metabolic flux, necessary to avoid positive energy-
balance, acquired obesity develops (15).

Various monogenic, genetic syndromic, and endocrine
conditions may lead to endogenous obesity, which is
predominantly manifested during childhood. The assessment

Frontiers in Medicine | www.frontiersin.org

42

November 2021 | Volume 8 | Article 704409


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Koch

Renal Function Evaluation in Obesity

of childhood endogenous obesity should be based on a
very thorough history and physical examination directed at
etiological elucidation and diagnosis of the associated metabolic,
cardiovascular, respiratory, gastrointestinal, orthopedic, and
psychological complications (9). Endocrine causes, although rare
(2-3% of all referrals for pediatric obesity evaluation) should be
carefully evaluated so that specific treatment can be provided
(16). Children born small or large- for- gestational age, infants
of diabetic mothers and those with rapid or excessive catch-up
growth in the first few years of life are frequently conditioned
by metabolic programming, which exacerbates the problem
of obesity associated with lifestyle and dietary factors (17).
Table 2 lists the main etiologies associated with endogenous and
exogenous obesity.

Presently, overweight and obesity are linked to more deaths
worldwide than underweight!. An analytical study carried out on
10,625,411 subjects in Asia, Australia and New Zealand, Europe,
and North America, from 239 prospective studies, evaluated
mortality risk, paired by sex and age, compared to BMI 22.5-
25.0. The study confirmed the associations of both overweight
and obesity, with increased mortality from any cause, within the
four continents (18).

Prediabetes /type 2 diabetes mellitus; dyslipidemia;
prehypertension / hypertension; sleep apnea; non-alcoholic fatty
liver disease; proteinuria and focal segmental glomerulosclerosis;
early subclinical atherosclerosis; cardiovascular disease (CVD),
hyperandrogenemia/ polycystic ovary syndrome, and orthopedic
problems are among the multiple clinical comorbidities
associated with pediatric overweight and obesity. Obesity
severity is associated with higher cardiometabolic risk factors
and premature mortality in adulthood (7). Of note, the risks
of CVD outcomes among obese children and adolescents who
became non-obese by adulthood are similar to those who were
never obese (19).

GLOMERULAR FILTRATION RATE
DETERMINATION

Urine is the product of ultrafiltration of blood plasma through
a multilayered structure known as glomerular filter, which is
composed, by the fenestrated endothelium, glomerular basement
membrane, and glomerular epithelium or podocyte layer (20).
The glomerular filtration rate (GFR) can be expressed as the
volume of plasma that can be completely cleared of a substance
in a time unit and is usually expressed as milliliters per minute
(ml/min). To facilitate comparison of GFR among children and
adults, body surface standardization to a body surface area of
1.73m? is used, and GFR is expressed as ml/min/1.73m?. The
evaluation of GFR in children, should also take into consideration
the postnatal kidney maturation which leads to an increase in
GFR from low gestational age- dependent levels at birth to the
adult level of 120 mL/min/1.73 m? which is reached at ~2 years
of age (21).

The total kidney glomerular filtration rate (GFR) is
determined by the sum of nephrons and the GFR within
each nephron or single nephron GFR A decline in kidney

TABLE 2 | Main etiologies associated with endogenous and exogenous obesity.

EXOGENOUS OBESITY
Chronic overconsumption

Medications

Adverse perinatal metabolic
programming
ENDOGENOUS OBESITY
Monogenic diseases
Recessive defects in genes
Leptin (LEP)

Leptin receptor (LEPR)

Pro-opiomelanocortin
(POMC)

Proprotein convertase
subtilisin/kexin type 1
(PCSK1)

Dominant defects in genes

Melanocortin 4 receptor
(MC4R),

Src homology 2 B adapter
protein 1 (SH2B1)

Kinase suppressor of Ras 2
(KSR2)

Syndromic conditions
Prader-Willi syndrome

Albright hereditary
osteodystrophy

Bardet-Biedl syndrome

Alstrom syndrome

Endocrinopathies
Hypothyroidism

Cushing syndrome,
Hypothalamic obesity,
Growth hormone deficiency
Persistent hyperinsulinism

Storage of excess caloric intake as lipid in fat
cells, without behavioral or metabolic
compensation

Glucocorticoids, tricyclic antidepressants,
risperidone

Children born small or large- for- gestational
age

Extreme hyperphagia, frequent infections,
hypogonadotropic hypogonadism,
hypothyroidism

Same as LEP

Hyperphagia, cholestatic jaundice or adrenal
crisis due to ACTH deficiency, pale skin, and
red hair in Caucasians

Small bowel enteropathy, hypoglycemia,
hypothyroidism, ACTH deficiency, diabetes
insipidus

Hyperphagia, accelerated linear growth,
disproportionate hyperinsulinemia, low/normal
blood pressure

Hyperphagia, disproportionate
hyperinsulinemia, early speech, and language
delay with frequent good resolution, behavioral
problems

Mild hyperphagia and reduced basal metabolic
rate, insulin resistance acanthosis nigricans is a
frequent feature, irregular menses, early
development of type 2 diabetes mellitus

Hypotonia and failure to thrive in infancy with
subsequent weight gain, short stature,
hyperphagia, hypogonadotropic
hypogonadism, developmental delay

Skeletal defects, short stature may be present
impaired olfaction, developmental delay and
hormone resistance (e.g., parathyroid
hormone) if mutation is maternally derived
Dysmorphic extremities
(syndactyly/brachydactyly/polydactyly), retinal
dystrophy or pigmentary retinopathy, renal
abnormalities, hypogonadism, developmental
delay

Retinal dystrophy; extreme insulin resistance;
deafness; dilated cardiomyopathy; progressive
pulmonary, hepatic, and renal dysfunctions

Source: modified from references (7, 9).

function can be secondary to a decrease in SNGFR because
of systemic conditions such as hypoperfusion, and/or by a
reduction in nephron number (21).
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The simplified functional pore model is the most frequently
utilized model to describe the filtration process. The sieving
coefficient, which is the ratio of the concentration of each
molecule in the urine and in plasma, characterizes the filtration
of molecules of different sizes (22). As the sieving coefficients
for small molecules <1 kDa are 1, the substances belonging to
this group that, contrary to creatinine, do not undergo tubular
reabsorption or secretion, such as 51Cr- EDTA (0.34 kDa),
iohexol (0.82 kDa), 125I-iothalamate (0.64 kDa) are frequently
used to measure GFR. Inulin, an inactive, uncharged 5.2 kDa
polymer of fructose, presents many of the characteristics of an
ideal marker and its clearance is to date the gold standard for this
measurement (21-23).

The plasma disappearance or the urinary excretion of an
intravenous injection of a non-radioactive low molecular weight
substance such as Iohexol, is particularly suitable to evaluate
GFR in children and fertile women (23). However, in the
interest of patient comfort, time, and cost, in clinical practice,
GEFR is generally calculated by GFR estimating equations based
upon the plasma levels of creatinine (SCr), cystatin C (sCysC)
or both. The measured value of plasma creatinine is strongly
influenced by non -GFR factors such as muscle mass, growth,
diet, and illness, by its tubular and gastrointestinal secretion
and by the problems associated with the lack of standardization
of its laboratory assay. As a consequence, SCr is considered a
suboptimal GFR biomarker (21). Given the limitations of SCr,
creatinine-based formulas include surrogates for muscle mass,
such as height, weight, and gender, which is especially useful in
children and adolescents, as in the pediatric age range, the level of
SCr corresponding to normal kidney function /GFR, varies with
age (21).

The first pediatric GFR formulas were derived independently
by Schwartz and Counahan-Barratt in the mid-1970’s. Although
both equations were developed in children with chronic renal
disease, and use height as a surrogate for growth, they present
different proportionality constants reflecting the relationship
between urinary creatinine excretion and body size. The original
Schwartz formula yields a constant at 0.55, has been derived
using a modified Jaffe creatinine assay and inulin clearance as
the reference standard (24, 25). The Counahan Barratt formula,
uses the plasma clearance of intravenously administered 51-
chromium edetic acid (5"Cr-EDTA) as reference standard and
yields a proportionality constant of 0.43. It has been derived using
creatinine determination by Jaffe reaction, after adsorption by an
ion-exchange resin to remove non-creatinine chromogens (26).

The Jaffe assay, an alkaline picrate colorimetric reaction,
is affected by the presence of interfering, non-creatinine
chromogens, which may falsely elevate SCr by up to 20%,
especially at lower levels of creatinine, as observed in the 1st
year of life (25). An enzymatic assay for creatinine determination
has been developed resulting in 20-30% lower creatinine levels
and which are more consistent with accurate HPLC- derived
creatinine values (27, 28). To enable the use of the less expensive
Jaffe method for creatinine determination in lower resource
areas, a correction for a constant bias as compared to the
Isotope Dilution Mass Spectrometry (IDMS) reference method
has been introduced, accounting for the contribution of serum

protein to Jaffe’s creatinine, yielding a creatinine value closer to
that obtained using an enzymatic creatinine assay (29). Use of
an IDMS-traceable creatinine value with the original Schwartz
equation will overestimate GFR by 20-40% (21).

More recently, more precise creatinine-based GFR estimation
have yielded full - age -spectrum (FAS) equations, such as the
Lund-Malmo revised (LMR) equation LMR18 and the new
European Kidney Function Consortium (EKFC) equation, valid
for both children and adults (30, 31). The development of
FAS equations provide a seamless definition of normality values
of GFR progression from adolescence to adulthood and from
adulthood to old age. Their utilization may yield age- specific
GFR values and an age -adapted definition of chronic renal
disease, in consonance with morbidity and mortality data, which
may result in a much lower global chronic kidney disease
prevalence particularly for elderly individuals (32). In young
adults, 18-26 years of age, eGFR may be underestimated with
the pediatric CKiD formula (28) and overestimated by the adult
CKD- EPI equation (33). Of note, averaging results from the
pediatric and adult formulas yields an eGFR result which is close
to the one obtained by an iohexol GFR determination (21).

Serum cystatin C (sCys-C), a 13 kDa cationic cysteine protease
inhibitor is produced, by all nucleated cells, at a constant rate.
sCys-C is freely filtered by the glomerulus; it does not undergo
tubular secretion and is reabsorbed and metabolized by the
proximal tubule epithelial cells, high concentrations of CysC
can be demonstrated in the urine from patients with renal
tubular dysfunction, due to defective reabsorption (34, 35).
Unlike creatinine, sCys-c plasma levels are mainly determined
by GFR, without significant influence of age, gender, and muscle
mass. s-Cys-c does not seem to be trans-placentally exchanged,
In children, sCys-c highest concentration occurs on the Ist
day of life. s-CysC levels are higher in preterm than full-term
infants, rapidly decreasing during the next months of life. s
CysC levels tends to stabilize by ~1.5-2 years of age (21,
36) or 3 years of age (37). sCys-C levels may be elevated by
systemic inflammation, therapeutic use of corticosteroids and by
hyperthyroid states, while sCys-C reduced levels may accompany
hypothyroid conditions (35). These characteristics suggest. sCys-
C as an ideal biomarker of kidney function in children and,
in selected clinical situations with altered body composition or
reduced muscle mass, such as malnutrition and neuromuscular
disease (34).

Reference values for sCys-C obtained in a selected population
of healthy individuals, by nephelometry were 0.754/—0.089 mg/1
for children aged 4-19 years, 0.74+/—0.100 mg/1 for males, and
0.65+/—0.085 mg/1 for females (aged 20-59 years), and 0.834/-
0.103 mg/1 for older individuals (> or =60 years) (38).

Of note, sCysC independence of muscle mass enables the
use of the same s- Cys C-based GFR estimating equation for
children and adults (39). The Caucasian-Asian-Pediatric-Adult
(CAPA) equation can be utilized for all individuals above 1 year
of age and differently from creatinine-based equations, does not
require inclusion of sex and “race” variables, to compensate for
differences in muscle mass between individuals (40).

Interestingly, GFR estimates based on sCys-C equations
do not offer precision advantages in comparison with
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creatinine-based estimates, probably because unmeasured
and unidentified non-GFR determinants of cystatin C are
as important as those of creatinine. Equations that combine
creatinine and sCys-C offer, in general, the most accurate
estimate of GFR across the range of GFRs and in subgroups
based on demographic and clinical characteristics. This finding
may be explained because although errors due to non-GFR
determinants of creatinine and sCys-C, are still present in
combined equations, their effect is minimized in an equation
that uses both markers simultaneously (41). GFR estimating
equations combining sCys-C and creatinine have been generated
for children (42-44) and adults (41, 45).

The Chronic Kidney Disease in Children study, is a cohort
of ~600 children with chronic kidney disease (CKD) in the
United States and Canada. The study focuses on the identification
of risk factors for GFR decline and renal disease progression,
cardiovascular morbidity, growth failure, and neurocognitive
impairment. Utilizing the methodology of iohexol plasma
disappearance (iGFR) as a basis for the development of GFR
estimating equations, the CKiD study has created the updated
version of the bedside creatinine-based GFR equation (21,
28), which is recommended by the National Kidney Disease
Education Program for use when creatinine is measured using
IDMS methods., as well as, a bedside Cystatin C based GFR
equation (21) and a combined GFR equation which include
serum creatinine, blood urea nitrogen, height, gender, and
cystatin C (21, 44). The study initially chose to measure sCys-C
by an immunoturbidimetric method, which provided technically
inferior results, motivating the change to immunonephelometry.
The reciprocal of immunonephelometric cystatin C correlated
as well with GFR as height/ serum creatinine ratio (both 0.88).
The resulting combined equation, shown among others, in
Table 3, is highly accurate and precise, providing good results
in children with CKD in a GFR range from 15 to 75 ml/min
per 1.73 m2. It is being utilized to estimate GFR in the follow
up of the CKiD cohort in the clinical visits when iohexol is
not administered. eGFR equations perform best when applied
with the same laboratory methodology and patient population
characteristics that were used in its development. The new
Schwartz equations were developed using data from pediatric
patients with chronic kidney disease and an isotope dilution mass
spectrometry (IDMS)-traceable enzymatic creatinine method.
Studies to establish its applicability to children of normal growth
and muscle mass, and higher GFR are needed (44).

Of note, the arithmetic mean of the results of a cystatin C
based GFR estimating equation and a creatinine-based estimating
equation has been proven to perform as well as, or even better, for
adults and children, than complex combined equations (51-55).

The most frequently used GFR determination equations are
the updated Schwartz creatinine formula in children (CKiD)
(28) and the CKD-EPI Creatinine Equation in adults (41).
Tables 3, 4 present respectively, a list of some of the pediatric
and adult GFR estimating equations. Table 3 includes the Pottel
height- independent GFR estimation equation, based on levels
of enzymatic / isotope dilution mass spectrometry (IDMS) -
equivalent assay for serum creatinine, in mg/dL (46, 47), whose
performance is comparable to the height-dependent (Schwartz)

TABLE 3 | Creatinine- based, cystatin based and combined creatinine/cystatin
GFR Estimating Equations (ml/min/1.73 m?) that have been developed for use in
pediatric individuals.

CREATININE—BASED GFR ESTIMATING EQUATIONS

Schwartz “bedside eGFR = k x L (cm)/PCr (mg/dL)

(original- 1976) in where k ~ 0.33 (preterm infant), k ~ 0.45 (full
mL/min/1.73 m? term), k ~ 0.55 (children and adolescent

(24, 25) females), k ~ 0.7 (adolescent males)

Counahan-Barrat in eGFR = 0.43 x L (cm)/PCr (mg/dL)
mL/min/1.73 m? (26)
Updated Schwartz
(CKIiDCr in
mL/min/1.73 m?) (28)
Pottel Belgium/Pottel
Lyon Equation in
mL/min/1.73 m?

(46, 47)

6GFR = 0.413 x L (cm)/PCr (mg/dL)

eGFR = 107.3 /(SCr/Q)

where Q is median serum creatinine
concentration of the average healthy individual
in that population. based on age and sex (for Q
values up to 20 years of age see Table 5)

New Pottel equation

Age SCr/Q Equation
New Pottel et al. (31) 2-40 yr <1 107.3 x (SCr/Q)~0322
>1 107.3 x (SCr/Q)~11%2
> 40yr <1 107.3 x (SCr/Q) =032 x
0.990Age~40)
>1 107.3 x (SCr/Q)~"-132 x
0.990(Age—40)

CYSTATIN C - BASED GFR ESTIMATING EQUATIONS

CKiDCys-C (Schwartz eGFR = 70.69 x [cystatin C (mg/L)]—0-93
“bedside” cystatin C) in
mL/min/1.73 m? (21)
CAPA Equation (>1
year of age) in in
mL/min/1.73 m? (40)
Larsson (ml/min) (48)

eGFR=130 x cystatin C~19%9 x age=0117-7

eGFR = 77.24 x (Cys~'2629)
Le Bricon (in eGFR= (78/Cys) + 4
mL/min/1.73 m2) (49)

Filler (in mL/min/1.73 Log(eGFR) = 1.962 + [1.123 x log(1/cystatin)]

m?) (50)

Zappitelli (ml/min pe/ eGFR = 75.94 x Cys~ "7

1.73 m?) (43)

COMBINED CREATININE/CYSTATIN C GFR ESTIMATING EQUATIONS
CKID (44) eGFR =

39.8*[ht(m)/Scr]®4%5[1.8/cysC]°+18[30/BUN]
0.0794 .07699”der[ht(m)/1 .410.179

gender 1 male; 0 female

6GFR = (507.76 x 0008xheighl/(Cyg 0635 5
Cr2%47) x 1.165 if renal transplant

Zappitelli combined
creatinine—cystatin C

(ml/min / 1.73 m?) (43)
Bouvet (in ml/min) (42)  eGFR = 63.2 x (Cr/96)~035 x (Cys/1.2)-0:56 x

(weight/45)%-30 x (age/14)0-40

eGFR, estimated GFR L ~ length/height in cm; PCr/SCr serum creatinine in mg/dL,
Cystatin C in mg/L.

equations in the identification of renal dysfunction (GFR <
75 mL/min/1.73 m?) in children (46). Table 4 focuses on the
CKD-EPI (56) and Modification of Diet in Renal Disease
(MDRD) based on serum creatinine values standardized to
isotope dilution mass spectroscopy (IDMS), devised for adult
individuals. Of note the MDRD Study equation despite its
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TABLE 4 | Creatinine Equation (CKD-EPI 2009), Cystatin C Equation (CKD-EPI
2012), and Creatinine-Cystatin C Equation (CKD-EPI 2012) for Estimating GFR,
Expressed for Specified Sex, Serum Creatinine Level, and Serum Cystatin C Level
(41) and MDRD equation (56) based on SCr values standardized to isotope

TABLE 5 | Q-values [=median serum creatinine in wmol/L (mg/dL)], according to
age or height, for height -independent full age spectrum SCr equation by Pottel
et al. (46, 57, 58).

dilution mass spectroscopy (IDMS) developed for use in adult individuals. Age, years Height, cm Qb, pmol/L (mg/dL)
Serum BOYS AND GIRLS
Creatinine (SCr) 1 75.0 23 (0.26)
(mg/dL) 2 87.0 26 (0.29)
CKD-EPI Female <07 144 x (Scr/0.7)70%29 x 0.993A% [x 3 95.5 27(0.31)
creatinine 1.159 if African American] 4 102.5 30 (0.34)
equation Female ~07 144 x (Scr/0.7)71299 % 0.993%° [x 5 110.0 34 (0.38)
1.159 if African American] 6 116.7 36 (0.41)
Male <0.9 141 x (Scr/0.9)7041" % 0.993A% [x 7 123.5 39 (0.44)
Mal 0.9 1;159 i;sA fr;zag)drzsgicarg 993 | ° 1299 41049
° - 1.15;9< if A(;:icén Ameri;an]l - 9 1850 43(049)
10 140.0 45 (0.51)
Serum Cystatin iR 146.0 47 (0.53)
C (SCys) (mg/L) 12 152.5 50 (0.57)
CKD-EPI Female <0.8 133 x (Scys/0.8)04%9 x 0.996"% [x ° 1990 52(059
Cystatin C or male - 0.932 if female] 14 165.0 54 (061)
equation Female  >08 133 x (Scys/0.8)~1928 x 0.996° [x  MALEADOLESCENTS
or Male 0.932 if female] 15 172.0 64 (0.72)
16 176.0 69 (0.78)
SCr SCys 17 178.0 72 (0.82)
CKD-EPI Femae < <0.8 130 x (Scr/0.7)-02%8 ® 1790 70089
creatinine- 07 . (S(:ys/0.8)’°'3.75 x 0.995A% [x 1.08 if 9 180.0 78(0.88)
cystatin C >0.8 African American] MALE ADULTS
equation 130 x (Scr/0.7)-0248 i >20 >181.5 80 (0.90)
(Scys/0.8)7071" x 0.9954% [x 1.08 if FEMALE ADOLESCENTS
African American] 15 164.5 57 (0.64)
Female >0.7 <0.8 130 x (SCE/OC.JS;ZS)*O-‘SO1 X » . 16 166.0 59 (0.67)
(A?ﬂiz?’:1/nofr)neriCan>]< pasebetost i 166.5 61(0:69)
208 130 x (Sor/0.7)-0601 x 18 167.0 61 (0.69)
(Scys/0.8)70711 x 0,995 [x 1.081f 19 167.5 62 (0.70)
African American] FEMALE ADULTS
Male <0.9 <0.8 185 x (Scr/0.9)0-207 x >20 >168.0 62 (0.70)
(Scys/0.8-9375  0.995%° [x 1.08 if
~0.8 African American] Obs: Height is the median height of a child or adolescent at the specified age (Belgian
135 x (Scr/0.9)~0207 x growth curves).
(Scys/0.8-9711 x 0.995%° [x 1.08 if
African American]
Male >0.9 <0.8 135 x (Scr/0.970001 x is ordered, which is inadequate because although the MDRD
(Soys/0.870975 x 0.995° [x 1.081f  equation performs well in patients with CKD, it systematically
>0.8 African American]

135 x (Scr/0.91-0601
(Scys/0.8)~0711 % 0.995/% [x 1.08 if
African American]

MDRD Study equation  Serum creatinine
values standardized to
isotope dilution mass

spectroscopy (IDMS)

GFR = GFR (mL/min/1.73
m?) =175 x (Sgr)~ 1% x
(Age)™029 x (0.742 if
female) x (1.212 if African
American)

development in individuals with CKD, has gained widespread
use. Estimated GFR using this equation is reported by most
clinical laboratories when measurement of serum creatinine

underestimates measured GFR at higher levels such as potential
kidney donors, young people with type 1 diabetes and patients
with substantially reduced muscle mass (45). Table 5 presents
median serum creatinine concentrations (Q) for pediatric and
adult individuals to be used in the height independent GFR
estimating equations developed by Pottel et al. (46, 57, 58).

In neonates sCys-C is a better biomarker of GFR than
creatinine. During pregnancy, the placenta is responsible for
fetal creatinine equilibration, at birth the neonate SCr reflects
the mother’s SCr levels, as the neonate’s kidney takes control,
there is an initial increase in the neonate’s SCr followed by a
gradual fall along the first 2 years of life when the kidneys
reach full maturation. sCys-C levels at birth are elevated on
account of the physiologically lower GFR of the neonate. Kidney
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maturation leads to increases in GFR causing, sCys-C levels
to fall reaching a plateau after 18 months of age (21, 36, 37).
A recent multicentric worldwide systematic review, from 10
countries across four continents, described sCysC progression,
in 1,468 babies born preterm, along the 1st month of life, infants
born at 24-28 weeks of gestational age (GA), presented s- CysC
values ranging from 1.44 to 1.90 mg/L, on day 1, to 1.36 to
2.02 between 4 and 30 days of life, while in preterm infants
born after 34 weeks of gestational age, sCys C values ranged
from 1.22 to 1.96 mg/L, on day 1, to 1.22 to 1.82 between 4
and 30 days of life (59). Mean sCys C values cystatin C, usually
fall to a mean concentration of 0.80 mg/liter by the 1st year of
life (34).

OBESITY AND THE KIDNEY

The renal effects of obesity can be indirect, via development
of systemic arterial hypertension and / or diabetes mellitus,
or direct, by adipose tissue hypertrophy and its ectopic
accumulation in the kidney. Ectopic renal accumulation of
lipids lead to multiple functional and structural changes,
which although not fully understood, may lead to glomerular
hypertension, increased glomerular permeability, hyperfiltration,
glomerulomegaly, albuminuria, and in some cases, focal and
segmental glomerulosclerosis (FSGS) characterizing the obesity
related glomerulopathy (60-63).

The Chronic Kidney Disease Prognosis Consortium (CKD-
PC) study evaluated the association between various measures
of adiposity with eGFR deterioration and mortality from all
causes. The included participants were 18 years and older, eGFR,
was calculated utilizing the CKD-EPI equation. BMI data were
collected from 39 general population, six high CVD risk, and
18 CKD cohorts, between 1970 and 2017. Participants in higher
categories of BMI were more often of black race, more likely
to have hypertension, diabetes, and albuminuria, and less likely
to be current smokers. After long-term follow-up, individuals
with a BMI > 30 kg/m? belonging to the cohorts of the general
population, showed a significantly higher risk for GFR decline,
and a “J” shaped association between BMI and mortality, with
the lowest risk for BMI of 25 kg/m?. In the cohorts with
high cardiovascular risk and CKD, the risk association between
high BMI and GFR decline was weaker than in the general
population, with a “J” shaped association between BMI and
death, with the lowest risk for BMI values between 25 and
30 kg/m? (64).

A recent multicenter cross-sectional study involving 3,118
youth with overweight /obesity, and 286 healthy normal weight
youth between 5 and 14 years of age. compared the prevalence
of mildly reduced estimated GFR (eGFR > 60 and < 90
mL/min/1.73 m?), and its association with cardiometabolic risk
factors in overweight/ obese youth. eGFR was calculated using the
updated bedside Schwartz equation and Full Age Spectrum (FAS)
equation. The FAS equation identified a higher prevalence of
youth with mildly reduced estimated GFR, compared to bedside
Schwartz equation. Individuals with mildly reduced estimated
glomerular filtration rate, according with both equations showed

lower birth weight, younger age, higher BMI-SDS, non-high-
density lipoprotein-cholesterol and serum uric acid, as compared
to those with normal eGFR (65).

The association between BMI and risk of developing all-cause,
diabetic, and non-diabetic end stage kidney disease (ESKD) was
assessed in 1.2 million adolescents aged 17 years: over 25 years.
This was a nation-wide population- based retrospective cohort
study that linked medical data of 1,194,704 adolescents aged 17
years who had been examined for fitness for military service,
between January 1, 1967, and December 31, 1997, to the Israeli
ESRD registry. The overall incidence rate of CKD was 2.87 cases
per 100,000 person- years. Compared to adolescents with normal
weight, overweight and obese adolescents had an increased
future risk for treated end- stage kidney disease (ESKD), with
incidence rates of 6.08 and 13.40 cases per 100,000 person-years,
respectively. Overweight and obesity were strongly associated
with all-cause treated end- stage kidney disease [hazard ratio
of 3.00 (95% CI, 2.50-3.60) and 6.89 (95% CI, 5.52-8.59),
respectively], as well as, strong and independent risk factors for
diabetic and non-diabetic kidney disease (66).

The effect of obesity on the kidney function could be time-
dependent. In fact, duration of obesity negatively influences the
eGFR in obese children (67) and in children with congenital
solitary kidney (68). Moreover, the duration of obesity could
increase the risk of development of kidney injury in adults with
congenital solitary kidney (69). Obesity is a clinical condition
associated with altered body composition. As discussed above,
in this context, creatinine may not be the ideal biomarker for
GFR measurement. This is especially true in obese children
and adolescents, in whom besides the altered body composition;
normalization of eGFR to 1.73 m?, introduces another bias. As
BMI is strongly correlated with the body surface, the adjustment
for body surface removes the effect of body weight on GFR,
causing an underestimation of true GFR in individuals with a
higher BMI, masking the installation of hyperfiltration (70). The
challenges of measuring GFR in obese pediatric patients can be
overcome either by replacing the real weight in the calculation of
body surface by the ideal weight, calculated as,

Ideal weight = BMI at 50th percentile (kg/m?) X Height 2
(m) (71), or by using a height -independent creatinine -based
equation for GFR estimation. Another possibility would the
utilization of a sCysC -based equation for GFR estimation.

Weight-loss interventions slow or reverse early CKD
progression, in adults and children (72-74). Pre- bariatric
surgery data of 242 adolescents from the “Teen-Labs” study show
microalbuminuria in 14%, macroalbuminuria in 3%, serum
cystatin C-based eGFR < 60 mL / min / 1.73 m? in 3% and eGFR
> 150 mL / min / 1.73 m? in 7.1%. Lower eGFR was associated
with higher values of BMI and/ or HOMA-IR. Three years post-
surgery, patients with baseline serum cystatin C-based eGFR
under 90 mL/min/1.73 m?, showed a significant improvement in
mean eGER from 76 to 102 mL/min/1.73 m?, while participants
with albuminuria (albumin-to-creatinine ratio of 30 mg/g and
more) at baseline presented a reduction in the geometric mean of
ACR from 74 mg/g to 17 mg/g at 3 years follow-up. Patients with
normal baseline renal function and no albuminuria at baseline
remained stable throughout the study period. Among individuals
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with a BMI > 40 kg/mz, increased BMI was associated with a
significantly lower eGFR, while no association was observed in
those with a BMI under 40 kg/m?. After adjusted analysis, post-
surgical eGFR increased by 3.9 mL/min/1.73 m? for each 10-unit
loss of BMI (73). Studies in adults, however, show a consistent
association between obesity and lower mortality in those
with advanced CKD, especially among hemodialysis patients,
suggesting that the reverse epidemiology of obesity is biologically
reasonable (75).

Final Commentaries

Obesity represents a major risk factor for the development of
CKD. Sequential GFR determinations are the basis of renal
function follow-up in affected individuals across all age groups.
Obesity is also an example of a situation in which due to altered
body composition, creatinine based GFR evaluation may lead to
imprecise results. Additionally, some of the currently available
creatinine GFR determination equations were developed in CKD
patients’ cohorts, which makes their utilization in individuals
with normal GFR amenable to error (21, 28, 56).
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The kidney-heart relationship has raised interest for the medical population since
its vast and complex interaction significantly impacts health. Chronic kidney disease
(CKD) generates vascular structure and function changes, with significant hemodynamic
effects. The early arterial stiffening in CKD patients is a consequence of the interaction
between oxidative stress and chronic vascular inflammation, leading to an accelerated
deterioration of left ventricular function and alteration in tissue perfusion. CKD amplifies
the inflammatory cascade’s activation and is responsible for altering the endothelium
function, increasing the vascular tone, wall thickening, and favors calcium deposits
in the arterial wall. Simultaneously, the autonomic imbalance, and alteration in other
hormonal systems, also favor the overactivation of inflammatory and fibrotic mediators.
Thus, hormonal disarrangement also contributes to structural and functional lesions
throughout the arterial wall. On the other hand, a rise in arterial stiffening and volume
overload generates high left ventricular afterload. It increases the left ventricular burden
with consequent myocardial remodeling, development of left ventricular hypertrophy and,
in turn, heart failure. It is noteworthy that reduction in glomerular mass of renal diseases
generates a compensatory glomerular filtration overdriven associated with large-arteries
stiffness and high cardiovascular events. Furthermore, we consider that the consequent
alterations of the arterial system’s mechanical properties are crucial for altering tissue
perfusion, mainly in low resistance. Thus, increasing the knowledge of these processes
may help the reader to integrate them from a pathophysiological perspective, providing a
comprehensive idea of this two-way path between arterial stiffness and renal dysfunction
and their impact at the cardiovascular level.

Keywords: pulse wave velocity (PWV), calcification, CKD progression, pulsatility, cardiovascular events

INTRODUCTION: THE ROLE OF VASCULAR INJURY IN THE
KIDNEY AND CARDIAC DISEASE INTERACTION

A robust functional relationship exists between the kidneys and the cardiovascular system, and this
vast and proven interaction has acquired progressive notoriety.

The evidence from population studies clearly shows that renal and cardiac diseases are strongly
associated (1, 2). This evidence includes the different clinical situations where structural lesions
(tissue, cellular, and subcellular) develop simultaneously with both organs” progressive functional
deterioration (3-5).
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CKD, Vascular Structure, and Function

Of particular interest is the relationship between the heart and
kidneys when both are functionally insufficient. This interplay is
known as the cardiorenal syndrome, and the most relevant are
chronic types 2 and 4 of the original description by Ronco et al.
(6). This interaction is also known as “the cardiorenal link” (7).

The pathophysiological and histopathological concepts
involved, including the graphics and figures, are designed to
understand better the kidney and the hearts role as principals
organs involved.

However, these conceptual proposals do not define the precise
role or sequence of the macro and microcirculation structures
in this process. Therefore, we tried to analyze the process
of vascular injury in CKD (8-10), giving the central role it
plays and its interaction with different tissue injuries leading
to the cardiorenal syndrome’s progression. The leading role
of the circulation (macro and micro) and its interaction with
the kidneys different pathophysiologic hypotheses on intrarenal
hemodynamics changes that they generate.

General Concepts of Vascular Behavior

The essential objective of blood traveling through the arterial
system is the perfusion and oxygenation of peripheral tissues.
Under normal conditions, the cardiac pump discharges the
systolic volume (SV) of blood received by the large-caliber elastic
arteries, mainly the aorta. However, ~50% of the previously
mentioned SV is dampened due to the compliance of its walls.

The remaining 50% of the SV continues its way to the
peripheral arteries. Once the aorta returns to its initial caliber in
diastole, its elastic capacity, if it is healthy, sends the remaining
volume forward, transforming the arterial flow from pulsatile
to continuous in the peripheral circulation. This fact is known
as the “Windkessel Phenomena” in comparison to the old fire
extinguishing pump.

At the distal level, the arteries have a structural component
mainly integrated by smooth muscle cells coupled “in series”
with collagen fibers, all influenced by neural and hormonal
factors. This massive parallel resistance system is responsible
for peripheral vascular resistance and the dissipation of at least
two-thirds of the cardiovascular system’s pulsatile energy. This
fact allows arterioles to adapt to different situations, organs,
and pathophysiological circumstances. However, this regulable
system loses efficacy because of aging (normal or accelerated)
and other conditions—such as high blood pressure, diabetes, and
CKD—that cause a decrease in arterial compliance due to the
loss of the vessel’s elastic components. The half-life of elastin, the
main factor responsible for the aorta’s elasticity, is measurable in
years. Continuous and intermittent distension of the aorta with
each heartbeat and during the lifespan causes fatigue and fracture
of the elastin fiber, leading to increasing stiffening of the aorta’s
wall (11). In this scenario, the accumulation of different collagen
types that are stiffer than the initial one, and other substances
like Advanced Glycation End Products (AGEs) occur, conducting
the loss of compliance of the elastic arteries (11, 12). When this
loss of arterial compliance, or its opposite, an increase in arterial
stiffness, evolve faster than expected by normal aging, we are in
the presence of “early vascular aging” (EVA). Certain metabolic
disorders and diseases cause this EVA phenomenon to accelerate

and appear in earlier stages or with greater severity. Kidney
disease is a frequent cause and one of the most representative
examples of this phenomenon.

ONE WAY: FROM CHRONIC KIDNEY
DISEASE TO VASCULAR INJURY

During the development and progression of CKD, the aortic
compliance decreases, reducing SV’s buffering capacity, resulting
in an exaggerated increase of the systolic pressure (SP) and a drop
of the diastolic pressure (DP).

The pulse pressure (PP) or pulsatility is the difference between
SP and DP in mmHg. Hence, it is an easy parameter to
be observed during the medical examination when measuring
blood pressure.

A stiff aorta produces the loss of its properties as a second
pump, or “second heart” (a consequence of the lack of elastic
recoil of a distensible aorta), with the consequent drop in the
diastolic vascular flow and pressure. Aortic stiffness also increases
the pulsatility in the peripheral vessels and their irrigated tissues.
Due to these conditions, the SV is no longer buffered and
continues toward the periphery.

On the other hand, arterial wall stiffening increases the pulse
wave velocity (PWV), the speed at which the pulse wave travels
through the large arteries’ wall, and is currently considered the
gold standard for arterial stiffness measurement. It is also an
independent prognostic marker of CVE (13, 14). The increase
in SP results in increased heart afterload, augmented work of
the left ventricle (LF), and increased oxygen consumption by
the myocardium. Over time, the persistent imbalance favors the
development of left ventricular hypertrophy (LVH) and heart
failure (HF).

Another physiological phenomenon is related to the highest
speed of the PWV. Under physiological conditions, the incident
wave, generated from the systolic discharge, propagates through
the arterial system to the reflection points. These sites are the
arterial bifurcations or regions of the most significant change
in the arterial wall’s viscoelastic components. A reflected wave
returns in the opposite direction during late systole and adds
to the new incident wave, giving rise to the augmentation
wave phenomenon, measured as “augmentation index” (Aix)
(Figure 1A).

In situations of increased arterial stiffness, as occurs in
CKD, through mechanisms described in this review, the wave’s
reflection occurs earlier and arrives prematurely, worsening
the Aix, considered an marker of arterial stiffness (Figure 1B).
Therefore, an additional increase in central aortic pressure (CAP)
contributes to increasing cardiac work and oxygen consumption,
both of which provoke further activation on the pathways and
mechanisms leading to LVH and HF.

A direct relationship stands between renal function
impairment with CAP and Aix. Thus, the more
significant the CAP and Aix are, the more influential
they are on renal function deterioration and death,
as was demonstrated by Towsend et al. in the CRIC
study (15, 16). Recent data confirmed that Aix was
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FIGURE 1 | Changes in pulse wave by arterial stiffness. (A) Elastic arteries. (B) Stiff arteries.
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FIGURE 2 | Main mechanisms responsible for the structural and functional changes of the arteries in CKD.

In other words, the increase in arterial stiffness -represented
by the rise in PWV- is usually associated with an increase in
the SP with consequent LV overload. In addition, the increase in

independently associated with mortality in CKD patients
after adjusting for additional confounders, including
inflammation (17).
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PWYV and vascular stiffness speeds up the pulse wave’s reflection,
generating an increase in the aortic augmentation that further
increases the CAP, and therefore, left ventricle contractile effort.

So, EVA is a consequence of cardiovascular risk factors
(CVRE), amplified by CKD, and this cluster of factors lead
to premature cardiovascular events (CVE) (18-20), as well as
accelerate the damage of various tissues and their functions,
including a faster decline of kidney function.

Association Between Inflammation and
Arterial Stiffness

The different tissue lesions associated with CVRF are also related
to the activation of diverse inflammatory ways. Initially, they act
as a protective response of the organism to control the cause,
but finally, they turn into a disease. The inflammatory response
to stressors acts on the endothelium and vascular smooth
muscle; therefore, serum and tissue inflammatory markers are
tools that help to predict cardiovascular disease (CVD) (21—
23). Figure 2 summarizes the primary inflammatory mechanism
associated with vascular stiffness in several clinical situations,
particularly CKD.

The association between chronic inflammation and arterial
wall disease is complicated and multifactorial (24). Initially,
the circulation of inflammatory mediators favors leukocytes
migration into the arterial wall (25). Then, macrophages
activation by different factors, including metabolic and
electrolytic ~disturbances associated with catecholamines,
renin-angiotensin-aldosterone system (RAAS), and endothelin
disarrangement associated with cytokines and reactive oxygen
species (ROS), amplify the inflammatory reaction.

The subsequent transformation of these macrophages
within the arterial wall into foamy cells predisposes to their
necrosis; when the necrotic nucleus appears in the plaques,
the amplification of the inflammatory stimulus favors the
progression of already advanced vascular lesions (26).

This inflammatory cascade also alters the endothelium’s
function that interacts and conditions the remodeling of the
tunica media and changes of the artery’s mechanical properties
(23). Endothelial cells decrease the usual production of nitric
oxide (NO) and increase endothelin (E1), favoring arterial
stiffness. In turn, arterial stiffness subsequently alters the
endothelium, thus generating a vicious circle (27, 28).

Simultaneously, the increase in arterial stiffness and the
dysfunctional endothelium activate adhesion molecules like
MCP-1 and cytokines favoring thrombotic events (21, 29, 30).
Dendritic cells and T-lymphocytes play an essential role in
synthesizing pro-atherogenic cytokines (IL-2, IL-18, and IFN-
gamma), responsible for the installation and progression of
atherosclerotic plaques (31).

Vascular inflammation enhanced by CKD promotes the
vessel’s stiffening by stimulating fibrosis and proliferation of the
vascular smooth muscle cells (VSMC) (23).

Role of CKD in the Inflammatory State and

Vascular Injury

CKD, defined as a structural and functional alteration of
the kidney for more than 3 months (32). CKD is a low-
grade chronic inflammatory state associated with a significant

increase in morbidity and mortality (33). CKD and a set
of factors—chronic acidosis, recurrent infections, and altered
microbiota—generate increased cytokine production, oxidative
stress, and inflammation.

CKD resembles an experimental oxidative stress model
which produces severe alterations in many cells (nuclear and
mitochondrial DNA deletion, telomeric shortening), tissues,
serum, and urinary markers. Oxidative stress is an initial
and central contributor to endothelial dysfunction and the
inflammatory process, conducting atherosclerotic vascular
injury, premature aging, and CVD (34). A decrease in anti-aging
defenses (like Klotho and Fetuin-A activity) increases pro-aging
mediators such as angiotensin II, aldosterone, and phosphate,
generating a clear discrepancy between chronological and
vascular biological age (35, 36).

Inflammation that accompanies kidney disease seems to play
a significant role in telomeric shortening and mitochondrial
dysfunction (37). Additionally, Galvan et al. have shown a low
number of mitochondria, also dysfunctional, in most of the
tissues of patients with CKD, representing a primary metabolic-
energetic alteration present in these patients from very early
stages (38). It is an essential component of the disease and the
primary source of increased reactive oxygen species production.
This inflammatory state also decreases the body’s resistance
to external stressors, thus conditioning a state of increased
vulnerability (33).

At the same time, the kidney itself is vulnerable to
this inflammatory process. The kidneys are intensely and
heterogeneously vascularized and regulated by hormones and
vasoactive molecules (like RAAS, prostaglandins, endothelin,
NO, and others) (39, 40). Systemic inflammation favors the
intrarenal inflammatory cascade associated with tubular and
glomerular injury and, therefore, generation and progression
of CKD.

Systemic inflammation eases the development of renal injury
and is co-responsible for the high morbidity and mortality
of these patients and the development of an accelerated
aging phenotype.

In CKD, calcification of the middle layer of the arteries is
a part of the accelerated EVA process. Therefore, the extent of
vascular calcium vascular deposits is related to vascular estimated
age. That is why in CKD, the age of the vasculature is practically
always older than the chronological age, at least partially, due to
an early and persistent inflammatory process.

Unlike what happens in individuals with preserved kidney
function, those with CKD have a process of accelerated cellular
and vascular senescence, tissue aging, persistent inflammation,
loss of muscle mass, osteoporosis, and early general fragility.

In other words, EVA in patients with CKD is part of the price
paid for the enormous allostatic load, a consequence of multiple
physical and inflammatory stressors associated with CKD.

The Partial Reversion of Vascular Changes
by Renal Transplantation

It is to point out that recovering kidney function with a kidney
transplant (Tx) decreases the mortality rate by 50% compared
to the same patient population submitted to dialysis treatment.
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Hence, it raises whether a kidney transplant may reduce the
described vascular changes suffered along with CKD.

Few studies have shown after transplant regression of the
large arteries remodeling; however, there is evidence about the
decrease of the PWV after Tx, which increases the patient and
the graft survival rate (41, 42).

The French Group Karras published the data of 161
consecutive Tx patients. The outcome was the arterial
parameters, measured at 3 and 12 months after kidney transplant.
The results showed that mean PWV decreases from 10.8 m/s in
the 3rd month to 10.1 m/s after 12 months (p < 0.001). After the
multivariate analysis, the patients who received Tx living donor
allograft had a more significant decrease of the PWV (p < 0.001).
Furthermore, the patients who received deceased allograft with
standard donors had better vascular performance than those
who received allograft from donors with expanded criteria (older
donors and pre-establish cardiovascular disease). An interesting
point to highlight in this study is the non-relationship between
vascular function improvement and glomerular filtration level
(43). The progression of arterial stiffness after 12 months of
kidney Tx was also studied in 28 patients, as a control group
was studied, 23 hemodialysis patients. The decrease in the PWYV,
measured with SphygmoCor, in Tx patients was higher than
patients under hemodialysis treatment (p < 0.0001) (44).

Korogiannou et al. recently confirmed the relevance of PWV
in the prognosis of Tx patients been a strong predictor for
cardiovascular events, renal events, and mortality in these
individuals (45).

Although scientific facts are clear enough, there are still
two significant aspects to consider. First, there are no clinical
trials about the impact of therapeutic interventions on arterial
stiffness and its consequence on the kidney Tx population. Also,
mechanistic studies are required to identify the best ways to
address arterial stiffness in Tx patients.

UREMIC TOXINS AS VASCULAR TOXINS

Hyperphosphatemia and its consequences: During CKD, an
imbalance between the inhibitors and inducers of vascular
calcification occurs (46).

The decrease in renal phosphate excretion increases serum
levels and promotes the calcification process by activating the
Toll-like receptor four and NF-Kappa B in VSMC (47). Also, in
the context of hyperphosphatemia, VSMC changes its phenotype
to osteoblastic-like cells via the expression of ossifying genes (48).
Likewise, phosphates also produce mitochondrial dysfunction,
with increased reactive oxygen species production, activation
of pro-inflammatory molecules, and increased tumor necrosis
factor (TNF).

CKD also alters hormonal processes that regulate phosphate
levels (Intestinal absorption, renal excretion by remaining
nephrons, bone metabolism modulated by vitamin D, fetuin-A,
Klotho, and fibroblast growth factor 23 (FGF-23) (49). Calcium
deposits concentrated in the tunica media and the vascular wall’s
subendothelium are an essential part of the problem. A detailed
description of the facts exceeds this manuscript’s objectives.

Uric acid increases in CKD due to the decrease excretion by
the failing kidney. This mentioned uric acid elevation decreases
endothelial Nitric Oxide Synthase (eNOS) activity, reducing the
production of NO, the proliferation of VSMC (50, 51), the
expression of COX-2, and the increase in the production of
angiotensin II, contributing to arterial stiffness.

Advanced glycation ends products (AGEs): AGEs
accumulate in CKD progressively as their production increases
and elimination decreases. Thus, significant accumulation may
occur even in non-diabetic patients. AGEs, among other things,
affect the activity of eNOS (52), favor the phenotypic change
of the VSMC, and the “cross-linking” of collagen (the changes
of its composition make the arterial wall less compliant). They
also activate NF Kappa B, favoring the activation of the vascular
inflammatory cascade and structural stiffening.

The same happens with the increase in asymmetric
dimethylarginine (ADMA) resulting from increased production
and less excretion, contributing to a significant reduction
of eNOS and consequent endothelial dysfunction. Increased
ADMA also causes sympathetic stimulation, inflammation,
vascular stiffness, and LVH (53-56).

Increment of endothelin-1 (E-1) level: E-1 is a potent
vasoconstrictor implicated in cardiovascular and renal diseases.
An increase of E-1 has the same origin as the increase of
ADMA and uric acid. It acts on receptors with antagonistic
function (ETx and ETp receptors), predominantly the action of
ETA receptor, which is responsible for: endothelial dysfunction,
increased vascular tone, inflammation, and calcification (57).

Renal ET-1 production increases associated with CKD
progression, and a cluster of conditions frequently present
in these patients, such as diabetes, insulin resistance, obesity,
immune system activation, atherogenic dyslipidemia, nitric oxide
deficiency, and oxidative stress (58).

Vascular Inflammation in Dialysis Patients
The dialysis procedure generates additional inflammation that
adds to those already described and known in CKD. All
inflammatory cytokines are markedly high in dialysis patients
(IL-1, IL-6, IL-23, and TNF alfa), as well as high-sensitivity
C-reactive protein and fibrinogen. Albumin, as an acute-phase
reactant, is decreased (59).

Frequent infections, thrombotic events, dialysate quality,
and its impurities are also powerful inflammatory stimuli.
Uremia increases intestinal permeability to bacteria, and this,
in turn, generates more inflammation. The diets indicated
in these patients (Low in potassium and phosphorous)
alter the microbiota, causing dysbiosis with significant
inflammatory effects. Dialysis patients usually have markedly
high inflammatory markers associated with severe arterial
injuries that, in turn, progress faster (60).

ARTERIAL STIFFNESS AND THE
BARORREFLEX FUNCTION

The baroreflex system regulates blood pressure changes, and
their proper function enables immediate regulation of it at
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practically constant values. Its appropriate process depends
mainly on arterial compliance. Vascular lesions are widespread
at the carotid and aortic levels and affect the baroreflex
system’s receptors. Receptors activation requires good arterial
compliance; potassium channels and sodium-potassium pump
regulated by a paracrine function, mainly by prostacyclin.

The combination of endothelial dysfunction and arterial
stiffness produces a decrease in prostacyclin production
and less arterial compliance. Consequently, less baroreflex
activation occurs, causing more significant variability in arterial
pressure (i.e., greater blood pressure drop when standing up).
Simultaneously, there is a greater renal afference toward the
central nervous system in CKD. An increase in the sympathetic
activity, a further increase in the vascular tone favors LVH, CVD,
and increased mortality (61). The high prevalence and severity of
baroreflex dysfunction in CKD patients were recently reviewed,
and how afferent and efferent pathways between kidney and
brain may deteriorate its function (62, 63).

From Arterial Stiffness to Myocardial

Dysfunction

Arterial stiffness and CKD volume overload generate myocardial
dysfunction directly proportional to the degree of renal
failure (64).

This myocardial involvement resulting from increased pre
and afterload is also associated with cardiac interstitial fibrosis,
alteration of the cardiac microcirculation, and myocardial neuro-
humoral activation (65).

The most common and earlier stage of ventricular dysfunction
in CKD patients is diastolic failure. It is also known as HF
with preserved ventricular function, the usual echocardiographic
finding in CKD patients (66).

These patients frequently have other risk factors for diastolic
failures, such as type 2 diabetes, high blood pressure, coronary
heart disease, and accelerated aging, all contributing to
maintaining and worsening diastolic dysfunction.

The structural changes of the heart in CKD include
myocardial hypertrophy and thickening of the intramural
arteries (67) as an adaptative response to changes in volume
and pressure. Finally, what was initially an adaptative response,
leads to myocardial fibrosis due to all the metabolic and neuro-
humoral disorders previously described.

Other CKD alterations that further aggravate myocardial
dysfunction are the over activation of systemic and intrarenal
RAAS, the anemia that characterizes patients with CKD, vitamin
D deficiency, and other mechanisms recently described, such as
activation of mTOR, G-protein activation, and T-cell activation
(7); all of them may influence cardiac structure and function.
In addition, the synergy of all these factors activates apoptosis
and autophagy pathways, which increase the production of
extracellular matrix in the myocardium, and lead to decreased left
ventricular compliance since fibrotic tissue predominates over
the cardiac muscle.

The clinical consequence of all these processes is a shift
to the left of the pressure-volume curve. Small changes in
volume significantly increase intraventricular pressure due to

cardiac compliance loss and can cause pulmonary congestion.
Conversely, slight volume depletion can impair left ventricular
filling and cause a decrease in systolic volume, leading to
hypotension and hemodynamic instability (66).

In other words, patients with CKD have a low range of
tolerance to volume changes, extrapolated to body weight, to go
from volume overload to hypotension, generating an increase in
hospitalizations for decompensated heart failure. In addition, in
some patients, particularly the young, functional damage to the
left ventricle due to volume overload may not be evident, but it
will deteriorate cardiac function if overhydration persists (68).

In addition to the CKD-dependent changes in vascular
structure and function already described, we must add those
that depend on the diseases frequently associated. Those most
common are coronary artery disease, vascular injuries, and
remodeling that depends on high blood pressure, atherogenic
dyslipidemia, diabetes, and their associated metabolic disorders,
together with accelerated vascular aging to these pathologies.

The detailed description of these processes exceeds the
objective of this publication. Several reviews (69-75) are available
that deal extensively with these factors’ influence on vascular
changes and cardiac disease. Figure 2 shows a comprehensive
synthesis integrating the main mechanisms that generate the
systemic vasculature alterations in CKD.

THE OTHER WAY: FROM VASCULAR
INJURY TO CHRONIC KIDNEY DISEASE

Under a healthy vascular condition, the large arteries™ elasticity
moderates the cardiac pulse pressure, dampening its intensity,
achieving a continuous flow of blood, in most tissues, with a
low variation in arterial pressure between systole and diastole.
That means a low pulse pressure. This low arterial pulsatility
enters from the macrocirculation to the microcirculation, where
it receives additional attenuation in the arterioles and results
in microvasculature protection. However, in response to aging
(76), obesity, diabetes mellitus, and mainly CKD, an increased
arterial stiffening reduce the central arteries’ buffering capacity,
generating high pulsatile stress at the microvasculature level.

As a result, the high pulsatility introduced into the organs; of
particular interest are those tissues with high viscous components
such as the brain and the kidneys; both are characterized by
low resistance and high flow systems, thus receiving a high
volume of blood (77, 78). The main consequences of these
events will be functional deterioration with the development
or acceleration of cognitive disorders and renal function
impairment (79). Considering that high pulsatility causes damage
to the microvasculature, strategies to reduce it could slow the
progression of kidney disease and associated events (80).

Several renal diseases that reduce renal mass generate an
adaptive high filtration rate by a single nephron. This process
also happens in diabetes, obesity, hypertension, and aging.
These clinical conditions are of great interest due to their
high frequency.

Glomerular hyperfiltration (GHF) or single nephron
hyperfiltration is an increased glomerular filtration rate above
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normal values due to increased filtration per nephron unit. There
is robust evidence that GHF is a risk factor for the progression
of chronic kidney disease and CV events, independently of
albuminuria and other factors. Remarkably, in patients with
GHFE, an increase in PP was proved, measured during 24-h,
suggesting an association with increased large-artery stiffness
and vascular damage, leading to increased CV events (81, 82).

GHF can occur in individuals with high, normal, and low
GFR, as happens in most CKD patients moderate/severe stages
(83). In CKD patients with low GFR, the diagnosis of GHF
in the clinical practice is very challenging, but the association
exists in most patients. We had previously mentioned the
usual association of GHF with arterial stiffness and high PP
and pulsatility.

Pieces of evidence generated more than two decades
ago confirmed that pulsatile hypertension-induced glomerular
distention produces changes at a cellular level and the
extracellular matrix’s metabolism. The changes due to mesangial
cell mechanical strain occur in the remnant kidney and play an
essential pathogenetic role in renal lesions. These changes were
initially described in experimental diabetes and renal failure by
glomerular mass reduction as the experimental model of 5/6
nephrectomy (84, 85).

Of interest, renal blood flow increases together with dilation
of the afferent arteriole in the enlarged glomeruli of both models,
animals with diabetes, and subtotal nephrectomies. Therefore,
systemic blood pressure is transmitted into the glomerulus
without the usual regulation, generating a high pulsatile
stretching in the glomerular and surrounding structures. This
persistent pulsatile stretch, in turn, changes the phenotypes of
mesangial cells that increase the production of different cytokines
producing the recruitment of cells leading to inflammation and
kidney fibrosis (86, 87).

More recently, using Doppler devices, it is possible to
evaluate renal microvascular pulsatility. The pulsatility index
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The prevalence of chronic kidney disease (CKD) continues to increase worldwide, as
well as the associated morbidity and mortality and the consequences on the patients’
quality of life and countries’ economies. CKD often evolves without being recognized
by patients and physicians, although the diagnosis is based on two simple laboratory
data: the estimated glomerular filtration rate (eGFR) and urine analysis. To measure
GFR, the knowledge about the physiologic processes at the nephron level, the concept
of clearance, and the identification of creatinine as a suitable endogenous marker for
measuring the creatinine clearance (CrCl) had to be previously developed. On those
bases, different equations to calculate CrCl (Cockcroft and Gault, 1976), or estimated
GFR (four variables MDRD, 1999; CKD-Epi, 2009, among others) were generated. They
all include creatinine and some demographic data, such as sex and age. However,
to compare results throughout life or among laboratories, the creatinine determination
must be standardized. In addition, the accuracy of these equations remains controversial
in certain subgroups of patients. For these reasons, other mathematical models to
improve CrCl estimation have been developed, such as when urine cannot be collected,
in debilitated elderly patients and patients with trauma, diabetes, or obesity. Currently,
eGFR in adults can be measured and reported immediately, using isotope dilution mass
spectrometry traceable creatinine-based equations. In conclusion, based on knowledge
obtained from renal physiology, eGFR can be used in the clinic for the diagnosis and early
treatment of CKD, as well as a public instrument to estimate the prevalence.

Keywords: glomerular filtration rate, chronic kidney disease, MDRD study equation, CKD-EPI equation, cystatin
C, creatinine clearance

INTRODUCTION

The prevalence of chronic kidney disease (CKD) continues to increase worldwide, as well as the
associated morbidity and mortality and the consequences on patients’ quality of life and countries’
economies. In the year 2018, a joint document of the ASN, ERA-EDTA, and ISN societies estimated
that over 850 million people worldwide (11% of the total population) lived with kidney disease,
about twice the number of diabetic patients estimated by the IDF (422 million) (1-3). An analysis
of the Global Burden of Disease Study stated that CKD as cause of death rose from position 25 in
the year 1990 to the 17th in 2015 (4). Another publication from the same study estimated that CKD
as a mortality cause would ascend to the 5th place by 2040 (5). Besides, CKD is an independent
risk factor for cardiovascular disease, and a risk multiplier in other non-communicable chronic
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diseases such as hypertension, diabetes, and cardiovascular (6).
These data confirm that CKD is a major public health problem.

Any clinical situation resulting from a reduction in the
number of functioning nephrons can evolve to CKD, defined
by KDIGO guidelines as “abnormalities in kidney structure or
function, present for 3 months, with implications for health.”
The same guideline classifies CKD based on the cause, glomerular
filtration rate (GFR) category, and albuminuria (7).

Arterial  hypertension, diabetes, obesity, proteinuric
nephropathies, race, family history, genetic diseases, low
birth weight, aging, among others, are risk factors for the CKD
(8, 9). Early detection and treatment of potentially reversible risk
factors and CKD allow to delay progression and its associated
complications as well as reduce the risk of cardiovascular disease
(10, 11).

In the real world, CKD is a silent disease that often
evolves unrecognized by the patients and physicians, although
the diagnosis is based on the two simple laboratory data:
the estimated GFR (eGFR) and urine analysis (screening for
albuminuria/proteinuria) (10). Early diagnosis of CKD by the
general practitioners and generalists would contribute to retard
progression, and reduce morbidity and mortality associated to
CKD and its associated risk factors (12).

Glomerular filtration rate continues to be the best global index
of kidney function, both in health and in disease, as it represents
the excretory capacity of the kidney, correlates directly with the
kidney functioning mass, to classify CKD in stages according
to the risk of progression, and to calculate the drug dosing and
preparing for the invasive studies. xx

Early diagnosis of CKD by the general practitioners and
generalists would contribute to retard progression and reduce
associated morbidity and mortality. Albuminuria, an important
predictor of CKD progression, will not be analyzed in this article.
Therefore, the evaluation of kidney function and the presence or
absence of proteinuria/albuminuria should be part of any routine
health evaluation, and desirable when conducting population
health surveys.

The present manuscript, after a brief historical description
on the milestones that paved the way since the emerging
physiological concepts of filtration, reabsorption, and excretion
at the nephron, will focus on the present concepts of eGFR,
and how it can be applied in the clinic and as a public health
tool. Finally, different eGFR equations derived from creatinine
and cystatin C and demographic data used for the diagnosis in
patients and as a public health instrument will be described.

The Identification of the Process of
Glomerular Filtration to Measuring GFR in

the Clinic

Knowledge of kidney physiology began in the mid-19th century,
when Carl Ludwig (1816-1895) developed the concept of
glomerular filtration. In his thesis, he identified the glomerulus as
a filter, where urine formation began; this filter was submitted to
physical and chemical forces, driven by the hydrostatic pressure
generated by the heart, and regulated by the contraction and
vasodilatation of the afferent and efferent arterioles. He went

further, speculating that the filtered volume decreased along the
tubules due to reabsorption, in order to concentrate the final
products at the urine (13, 14).

In 1874, Rudolf Heidenhain (1834-1897) injected a dye,
indigo carmine, in hypotensive anuric rabbits; after 15 min he
removed the kidneys and identified the dye in tubular cells. He
deduced that secretion from blood into the tubule occurred that
meant an active tubular transport mechanism (15).

Arthur Cushny (1866-1926) in 1917 reasoned that Ludwig’s
theory (the glomerulus as a filter) implied a large volume of
water, and near all the filtered glucose, amino acids, sodium,
and other solutes should be in the ultrafiltrate. And, as these
solutes are present at different concentrations in the plasma,
the reabsorption of glucose, amino acids, and others dissolved
substances present in urine should happen according to their
respective blood levels. He concluded that there was a threshold
for differential reabsorption of some solutes (16).

In 1924, Alfred Richards (1876-1966) and Joseph Wearns
(1893-1984) published their results for the filtration process,
infusing epinephrine into the glomerulus of an anesthetized frog,
and observing the hemodynamic effects on the afferent and
efferent arterioles and the resulting ultrafiltrate. They confirmed
that the free-protein ultrafiltrate was due to filtration at the
glomerular tuft, the solutes were filtered and reabsorbed at the
tubular level, and there was a threshold for glucose reabsorption,
corroborating the differential reabsorption of filtered solutes in
the tubule (17).

At this point, the mechanism of filtration, secretion, and
reabsorption in the nephron had been proved, but to transfer the
concept of GFR to the clinic, it was still necessary to find a solute
removed only by filtration, and not reabsorbed or secreted in the
tubule. In 1926, Paul Rehberg identified creatinine as that solute,
as it was produced by the body itself, filtered and, presumably, it
was not reabsorbed or excreted (18).

Donald Van Slyke (1883-1971), in 1928, introduced the
concept of “clearance,” regarding urea, as the volume of blood
that would be totally cleared of it in a minute when urine flow
exceeded 2 ml/min. The clearance technique was quickly applied
to different solutes and became itself a fundamental tool in
kidney physiology (19). Applying this concept, in 1937, Homer
Smith measured GFR using inulin, a substance he had proved
previously was excreted exclusively by glomerular filtration. After
that, for many years, inulin was the gold standard to measure true
GFR (20).

The clearance concept was fundamental, not only for studying
the formation of urine or kidney physiology, but because it
provided a simple tool to be used in the clinic, as GFR could be
measured as creatinine clearance (CrCl). Since then, over many
years, CrCl has been used in the clinic to evaluate GFR.

Creatinine and Creatinine Clearance as
Estimated GFR

Creatinine is a waste product of muscle metabolism, generated
relatively constantly. It is almost eliminated by the glomerular
filtration as it is a small molecule (113 Daltons) not bound to
proteins. However, as its concentration depends on muscle mass,
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it is different in men and women, and may change according to
the protein diet and muscle mass (21).

In 1886, Max Jaffe (1841-1911) noticed that creatinine in
contact with picric acid in an alkaline solution developed an
orange-red color, proportional to creatinine concentration (22).
Years later, in 1914, based on the Jaffe’s experiment, Otto Folin
measured the creatinine in deproteinized blood, incorporating
Jaffe’s reaction to the clinical diagnosis (23). By this time,
creatinine had been identified as a substance removed only by
filtration, the concept of clearance was introduced and widely
applied in his studies by Homer Smith, and the determination
of serum creatinine was available. All the conditions were met for
using CrCl as a proxy for GFR in clinical practice.

At present, creatinine is one of the most frequent laboratory
determinations: easy to perform, available almost everywhere,
and cheap. It can be determined by enzymatic or colorimetric
methods. However, as every analyte, serum creatinine measure
is exposed to random error (performed by the operator) and
systematic error (depending on the material, the instrument,
and the process). Standardizing its determination as a method
with traceable calibration to isotope dilution mass spectrometry
(IDMS) reduces biases, improving the accuracy of creatinine
determination (24, 25).

Isolated creatinine is not a good marker to evaluate kidney
function, as it increases when GFR is around 50 ml/min or below.
Creatinine clearance is better to estimate GFR, but it has some
disadvantages when evaluating kidney function. Creatinine is
not excreted only by glomerular filtration, as a small fraction is
secreted at the tubular level. This fraction increases as kidney
function decreases and cannot be calculated individually (21).
Also, in advanced CKD, the intestinal microbiota contributes
to degrading creatinine, and this proportion also cannot be
estimated (26). Therefore, when CKD is present, CrCl tends
to overestimate GFR, and the difference increases as kidney
function decline. This fact moved to search mathematical
formulas based on creatinine and demographic factors, such as
age, sex, body mass index, and race, to estimate GFR (eGFR).

Despite the limitations described, creatinine continues to be
the most frequent marker used in the clinic to assess the function
of kidney.

In some situations, a 24-h urine collection is mandatory, and
the measured creatinine clearance is preferred in some patient
groups to avoid misinterpretations. This is the case of a very
low protein intake, such as vegetarians, high protein intake,
creatine supplementation, diet rich in meat, some muscle mass
abnormalities (malnutrition, amputation, and loss of muscle
mass), rapid change in kidney function, before starting dialysis
or in children and pregnant women (27, 28).

The Development of Equations, Based on

Creatinine, for Measuring eGFR
Equations to estimate GFR are widely used in day-to-day
practice. More than 70 have been developed. In this publication,
the most used and recent will be detailed.

One of the first ones was the Cockcroft-Gault (C-G) equation,
available since the mid-1970s, that (or which) includes creatinine,

TABLE 1 | Most used creatinine and cystatin C equations to estimate glomerular
filtration rate (eGFR).

Cockcroft-Gault equation
Creatinine Clearance = 140-2ge bears) x weight k) () g5

72 x serum creatinine (mg/dI)
MDRD-4 (simplified)
Estimated Glomerular Filtration Rate (mL/min/1.73 m?) =
= 175 (Serum Creatinine in mg/dl x 0.011312)~ 1154 x (age in years )~%-2%3
x (0.742 if female) x (1.212 if African American/black)

CKD-EPI (2009)

Estimated GFR = 141 x min(Sc/k, 1)* x max(Sc; /k, 1)71299 x 0.9934% x
1.018 [if female] x 1.159 [if Black]

SCr (standardized serum creatinine) = mg/dL., K = 0.7 (females) or 0.9
(males), a = —1.329 (female) or—0.411 (male), Min = indicates the minimum
of S¢/K or 1, max = indicates the maximum of S¢,/K or 1, Age = Years

FAS (2016)

1) Estimated GFR = 107.3/(SCr/ Q) for age < 2 to < 40 years

2) Estimated GFR = 107.3/(Scr/ Q) x 0.988 @2¢~40) for age > 40 years

Q: the mean or median SCr value for age/sex-specific healthy populations
CKD-EPI cystatin C equation

Estimated Glomerular Filtration Rate (mL/min/1.73 m?) =

= 133 x min(Scys/0.8, 1)794% x max (Scys/0.8, 1)~28 x 0.996"% [x
0.932 if female]

Scys = serum cystatin C, min indicates the minimum of Scr/k or 1, and max
indicates the maximum of Scys/k or 1

CKD-EPI creatinine-cystatin C

Estimated Glomerular Filtration Rate (mL/min/1.73 m?) =

135 x min(Scr/k, 1)* x max(Scr/k, 1)7%6%" x min(Scys/0.8, 1)7037% x
max(Scys/0.8, 1)"0711 x 0.995/% [x 0.969 if female] [x 1.08 if black]

Scr = serum creatinine, Scys = serum cystatin C, « is 0.7 for females and
0.9 for males, « is —0.248 for females and —0.207 for males, min indicates
the minimum of Scr/k or 1, and max indicates the maximum of Scr/k or 1.

(if female)

sex, and weight, and is not adjusted for the body surface
area (Table 1) (29). However, this equation correlates more to
CrCl than to GFR. Besides that, the creatinine method used
in the development of the C-G equation is no longer in use,
and samples from the study are not available to compare the
results to standardized creatinine values (30). Anyway, this
equation has been and continues to be widely utilized, in part
because many pharmacokinetic studies had been performed in
the previously used C-G equation, before the standardization of
serum creatinine traceable to IDMS (31, 32).

Similar equations require other data like patient height and/or
weight; many times this information is not recorded or correctly
recorded, favoring erroneous results.

In 1999, Levey and associates developed seven equations
applying a regression model to predict eGFR, using data of 1,628
patients enrolled in the baseline period of the Modification of
Diet in Renal Disease (MDRD) study. The equation that gave
the best agreement with iothalamate-measured GFR was the
six variable equation, valid for a standard body surface of 1.73
m? (33):

GFR = 170 x [PCr]-0.999 x [Age]-0.176 x [0.762 if
women] x [1.180 if African American/black] x [SUN]-0.170
x [Alb]+0.318

In 2000, Levey and coworkers proposed the simplified four-
variable MDRD equation that correlates very well with the
six-parameter equation proposed before (Table1) (34). This
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formula, originally defined for serum creatinine measured
by the old Jaffe method, was re-expressed with the serum
creatinine calibrated to an assay traceable to IDMS in 2006
(35). A recommendation to convert Jaffe-measured creatinine
into reference method-based procedures (SCr_Jaffe x 0.95 @
SCr_enzyme) if the reference procedure used for the calibration
was IDMS has been proposed but a full agreement for doing so
has not arisen (25).

The MDRD GEFR has little bias compared with measured
GFR with urinary clearance of iothalamate under 60 ml/min/1.73
m?, but underestimated the measured GFR at higher levels
(36). These results are expected, as any equation reflects the
characteristics of the population from which it derives; and the
MDRD study was performed on the population with CKD.

In the year 2009, an improved creatinine-based equation, the
CKD-EPI Collaboration (Chronic Kidney Disease Epidemiology
Collaboration) was published, based on new methods for
measuring creatinine, valid for all stages of renal insufficiency
(Table 1). To work out the CKD-EPI equation, the authors
took data from 8,254 participants of 10 studies (development
set), 3,896 subjects from 16 studies (validation set) and,
16,032 individuals from NHANES (National Health and
Nutritional Survey) for prevalence. The new equation performed
significantly better than the MDRD study equation, especially at
higher GFR, with lesser bias, improved precision, and greater
accuracy (37).

This equation is still the most accurate GFR estimating
equation evaluated in large diverse populations, applicable for
the general clinical use. It provides lower estimates of the
prevalence of decreased eGFR, and is useful as a trial measure
for decreased eGFR and to replace the MDRD Study equation
for routine reporting of serum creatinine-based eGFR by clinical
laboratories (38).

A systematic search of MEDLINE, between 1999 and 21
October 2011, was performed by Earley et al. to review the GFR
estimating equations performance; 12 studies were selected. In
those from North America, Europe, and Australia, the authors
corroborated, once again, that the CKD-EPI equation performed
better at higher GFRs (> 60 ml/min/1.73 m?) and the MDRD
equation behaved better at lower GFRs (< 60 ml/min/1.73 m?).
In Asian or African populations, neither equation worked as well
as in the other regions (39).

KDIGO CKD Guidelines recommend clinical laboratories to
report eGFR in adults using the 2009 CKD-EPI equation (7),
provided creatinine determination is traceable to IDMS.

The inclusion of race in the eGFR equation has been
questioned, even though, in adults, age, sex, weight, height, and
race are surrogates of muscle mass. In the original MDRD and
CKD-EPI equations, the inclusion of race (Black/non-Black)
improved accuracy (40). It has been argued that to exclude race
from the eGFR equations would provoke a systematic under
interpretation of measured GFR. To disclosure about the use
of race when estimating GFR, or to accept denial to identify
race from the patient, or to use a cystatin C confirmatory
test has been proposed as a way to overcome the conflict
(41, 42). In September 2021, the National Kidney Foundation
and the American Society of Nephrology Joint Task Force on

Reassessing the Inclusion of Race in Diagnosing Kidney Diseases
recommended a new 2021 CKD-EPI creatinine eGFR equation
which does not include race to estimate GFR (Table 1). They
recommend for the United States immediate implementation of
the CKD-EPI creatinine equation refit without the race variable
in all laboratories, and to facilitate increased, routine and timely
use of cystatin C, as combining creatinine and cystatin C is more
accurate (43).

Finally, in 2016, Pottel et al. developed a novel equation, the
full age spectrum (FAS) equation, to estimate the GFR across all
over the age spectrum since available equations lack continuity
with aging (the Schwartz equation for pediatrics, the CKD-
EPI equation for adults under 70 years age, and the BIS-1 for
older than 70 years old). This new equation is normalized on
serum Cr (SCr/Q) for age (children and adolescents) and gender
(adolescents and adults), being Q the median serum Cr from
a specific healthy subpopulation. In the validation study, 6,870
healthy and kidney disease caucasian and from the non-African
origin individuals, of whom 765 were children and adolescents
<18 years old and 1,748 elderly higher than 70 years old,
participated. For validation, measured GFR was performed using
inulin or iothalamate or iohexol clearance (Table 1) (44). The
FAS equation that can be used in ages <2-100 years old, resulted
less biased and more accurate than the Schwartz equation for
children and adolescents, and less biased and as accurate as the
CKD-EPI equation for adults under or over 70 years old.

The Development of Equations Using

Cystatin C
Cystatin C was described for the first time in 1961 (45). As
creatinine, it is an endogenous marker. It is a low molecular
weight protein (13 kD) and consists of a chain of 120 amino
acids. Produced constantly by all nucleated cells of the body, it
filters freely through the glomerulus and is totally reabsorbed and
catabolized by the proximal tubular cells. Muscle mass, age, sex,
or diet do not affect its concentration; these characteristics make
Cystatin C useful in groups with reduced muscle mass (46, 47).
To improve the accuracy of eGFR several equations have
now been developed using either cystatin C alone or cystatin
C in combination with creatinine. Cystatin C-based equations
have advantages over the creatinine-based equation as they are
less influenced by age, sex, and race (48). The 2012 CKD-EPI
creatinine-cystatin C equation is more accurate than the 2009
CKD-EPI creatinine and 2012 CKD-EPI cystatin C equations
and it is useful as a confirmatory test for decreased eGFR as
determined by serum creatinine-based eGFR (Table 1) (49).
Despite its greater usefulness, cystatin C has not displaced
creatinine for GFR estimation in clinical practice, possibly due
to its higher cost and lower availability.

Clinical Situations Where mGFR Is Needed

In some clinical situations, such as patients with anorexia
nervosa, cirrhosis, obesity, evaluation of living kidney donors,
prescribing nephrotoxic drugs with a narrow therapeutic
window, pharmacokinetic studies of drugs excreted by the
kidney, or any situation in which eGFR is unreliable, it is
reasonable to measure GFR (mGFR), despite the added cost
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and time and resources consuming (7, 50-52). At present,
iothalamate or 51Cr-EDTA or 99Tcm-DTPA urinary clearance
or 99Tcm-DTPA or iohexol plasma clearance are the accurate
methods for determining mGFR (52-55). In patients with large
edema or ascites, urinary clearance should be employed (55).
Iohexol, a low-cost non-toxic non-ionic contrast agent, has
some advantages for the plasma clearance such as simplicity,
low cost, stability, and low interlaboratory variation. Besides
that, it is not radioactive, is excreted almost exclusively by the
kidney, is neither secreted nor reabsorbed at the tubular level, has
low protein binding, and correlates with inulin renal clearance
(56, 57). It is contraindicated in patients with allergy to iodine.

CONCLUSION

From the knowledge that emerges from renal physiology,
laboratory medicine, epidemiology, and biostatistics, have
emerged equations that constitute tools not only for the clinical
care of patients, but also to establish the prevalence of CKD, and
consequently implementing the public health policies aimed to
reduce it.
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Objective: The trajectory patterns of estimated glomerular filtration rates (€GFR) in
chronic kidney disease (CKD) older adults with malnourishment and their association
with subsequent patient outcomes have not been elucidated. We aimed to assess the
eGFR trajectory patterns for predicting patient survival and kidney failure in the elderly
without or with malnourishment.

Materials and Methods: Based on a prospective longitudinal cohort, CKD patients
aged 65 years or older were enrolled from 2001 to 2013. Among the 3,948 patients
whose eGFR trajectory patterns were analyzed, 1,872 patients were stratified by
the absence or presence of malnourishment, and 765 patients were identified and
categorized as having malnourishment. Four eGFR trajectory patterns [gradual decline
(TQ), early non-decline and then persistent decline (T1), persistent increase (T2), and
low baseline and then progressive increase (T3)] were classified by utilizing a linear
mixed-effect model with a quadratic term in time. The malnourishment was defined as
body mass index <22 kg/m?, serum albumin <3.0 mg/dL, or Geriatric Nutritional Risk
Index (GNRI) <98. This study assessed the effectiveness of eGFR trajectory patterns in
a median follow-up of 2.27 years for predicting all-cause mortality and kidney failure.

Results: The mean age was 76.9 + 6.7 years, and a total of 82 (10.7%) patients with
malnourishment and 57 (5.1%) patients without malnourishment died at the end of the
study. Compared with the reference trajectory TO, the overall mortality of T1 was markedly
reduced [adjusted hazard ratio (@aHR) = 0.52, 95% confidence interval (Cl) 0.32-0.83].
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In patients with trajectory, T3 was associated with a high risk for kidney failure
(@HR = 5.68, 95% CIl 3.12-10.4) compared with the reference, especially higher risk
in the presence of malnourishment. Patients with high GNRI values were significantly
associated with a lower risk of death and kidney failure, but patients with malnourishment
and concomitant alcohol consumption had a higher risk of kidney failure.

Conclusions: Low baseline eGFR and progressively increasing eGFR trajectory were
high risks for kidney failure in CKD patients. These findings may be attributed to
multimorbidity, malnourishment, and decompensation of renal function.

Keywords: eGFR trajectory, kidney failure, malnourishment, mortality, older adults

INTRODUCTION

Longitudinal eGFR change in patients with CKD is often
nonlinear, and most people with CKD have major clinical events
and die before reaching kidney failure. In previous observational
studies, patients with CKD experienced the possibility of
non-progression of renal function, stable kidney disease with
accelerated deterioration, and relentlessly fast eGFR decline into
kidney failure (1-3). However, a paradoxical association exists
between high eGFR and fast eGFR decline, which were found to
be correlated with increased risk of death, but were associated
with a comparatively lower risk of developing kidney disease
(2, 4). For the above reasons, other parameters, such as serum
creatinine, eGFR value, nutritional assessment, and severity
of comorbid conditions are repeatedly measured to predict
patients’ outcomes. Traditional methods, such as baseline eGFR
by category, absolute change in eGFR value, annual eGFR decline
or annual percentage change of eGFR, the velocity of eGFR
slopes, and eGFR variability, have been widely used for predicting
cognitive deterioration, cardiovascular risk, renal outcome, and
patient mortality (5-11). However, a more comprehensive
picture of disease progression can be obtained using the eGFR
trajectory pattern classification, which has been proven superior
to baseline eGFR since it can capture the whole process of eGFR
measurements and can take non-linear patterns into account
(12), whereas baseline eGFR at cohort entry or longitudinal eGFR
values showing linear trends provide more limited information.
Malnourishment, which was caused by CKD, respiratory
disease, cancer, and cardiovascular disease, was reported to
possibly contribute to high eGFR mortality, especially in older
adults (4, 13). The main reasons for developing malnourishment
were comorbid illnesses, oxidative and carbonyl stress, nutrient
loss through diseases, anorexia and low nutrient intake, uremic
toxins, and a decreased clearance of inflammatory cytokines
(14). More importantly, older adults have age-related changes
in appetite, swallowing, and dental problems, and those issues
are predisposed to decreased food intake and malnourishment,
especially inadequate fluid or protein intake. Thus, age-related
multimorbidity and loss of muscle mass would tend to contribute
to a progressively increasing eGFR trajectory and make an
assessment of long-term clinical outcomes based on short-term
measurements of renal function more difficult (15, 16). Besides,
the U-shaped relationship between low body mass index (BMI)

and sarcopenic obesity has been strongly associated with all-
cause and cardiovascular mortality in older adults (17, 18), and
our previous study revealed that the increased risk of mortality
in subjects with high eGFR was primarily attributable to the
presence of malnutrition-inflammation-cachexia syndrome (4).
However, few studies have discussed the relationships among
eGFR trajectories, BMI, and nutritional status and their effects
on clinical outcomes.

Clinically, great diversity in longitudinal eGFR measurements
exists. These patterns reveal different clinical pictures of kidney
function. Taking these characteristics of longitudinal eGFR
profiles into account would provide more information on the
condition of kidneys compared with using baseline eGFR or
decline rate. Therefore, we conducted a prospective longitudinal
cohort study using the eGFR trajectory to predict patient
survival and renal outcome in CKD older adults without or
with malnourishment.

METHODS

Patients and Data Sources

Data from the CKD cohort were obtained from patients’ medical
records at Taichung Veterans General Hospital (TCVGH_ CKD
cohort, Figurel). All registration data were obtained from
the Chronic Kidney Disease division of the Bureau of Health
Promotion, Ministry of Health and Welfare (CKDBHPDH)
(19). CKD was defined as eGFR < 60 ml/min more than 3
months, urine albumin/creatinine ratio >30 mg/g (20), urine
protein/creatinine ratio >0.2 mg/g (21) or abnormal kidney
image. In the TCVGH_CKD cohort, we identified men and
women older than 65 years of age with CKD (n = 3,948)
from five counties and cities in central Taiwan from December
1, 2001, to July 31, 2013. Among the 3,948 patients, 2,076
patients without complete data of malnourishment criteria were
excluded. 1,872 participants whose eGFR trajectory patterns
were analyzed and were stratified by the absence or presence
of malnourishment, and 765 patients were identified and
categorized as having malnourishment. The patients in the
TCVGH_CKD cohort had at least 3 outpatient eGFR records
per year, based on data obtained from the Taiwan Society of
Nephrology (TSN). However, before January 01, 2014, serum
creatinine was measured by the Jaffe method using a Beckman
Synchron CX5 analyzer (USA) calibrated under the standards of
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A prospective longitudinal cohort sampled

from people enrolled in CKDBHPDH
(n=6,817)

L]

]

L

4,483 subjects 265 years or older
between 2001 and 2013

2,869 subjects <65 years

535 subjects excluded:

469 had kidney failure (eGFR <15
mL/min/1.73m?2) with or without dialysis
before the index date.

40 had undergone kidney transplantation
before the index date.
11 developed kidney diseases within 30 days
of CKD diagnosis
1 died within 30 days of CKD diagnosis
14 follow-up <6 months

A

A

and 2013

3,948 diagnosed chronic kidney
disease at baseline between 2001

2,076 subjects without complete
data of malnourishment criteria

were excluded

1,872 CKD subjects with
malnourishment criteria

TO (n=774) T1 (n=1,519) T2 (n=164)

T3 (n=1,491)

Without Malnourishment
(n=1,107)

A
A 4

With Malnourishment

(n = 765)

FIGURE 1 | Flow chart of subject selection for the study cohort. A total of 3,948 older adults with a history of chronic kidney diseases (CKD) was identified in the
Chronic Kidney Disease division of the Bureau of Health Promotion, Ministry of Health and Welfare (CKDBHPDH) from 2001 to 2013. Among the 3,948 patients, 2,076
patients without complete data of malnourishment criteria were excluded. 1,872 participants whose eGFR trajectory patterns were analyzed and were stratified by the
absence or presence of malnourishment, and 765 patients were identified and categorized as having malnourishment. TO-T3: eGFR trajectory patterns.

the Chinese National Laboratory Accreditation program. After
January 01, 2014, the enzymatic method (CYGNUS AUTO CRE)
and spectrophotometry were used. Patients were excluded if
they had undergone kidney transplantation or had irreversible
kidney failure with or without dialysis before the index date. The
TCVGH_CKD database included patients with early CKD (CKD
stage 1, 2, 3A) and pre-kidney failure (CKD stage 3B, 4, 5), and
all participants were followed up for longer than 6 months, until
February 07, 2014, to prevent lead-time bias.

Patient and Public Involvement Statement

Older adults with CKD are often undernourished and
physically inactive, which contributes to sarcopenia and
frailty. The trajectory of eGFR is a potential surrogate marker to
demonstrate the causal relationship among muscle mass, aging
changes in the kidneys, renal survival, and patient mortality.
Outcome measurements and study design were approved
by the institutional review board of TCVGH informed by
patients’ priorities, experience, and preferences according to the
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Declaration of Helsinki. Using administration data from the
CKDBHPDH, a prospective cohort was selected and enrolled.
All subjects gave their informed consent for inclusion before
they participated in the study. Although informed consent was
required, multidisciplinary and geriatric care did not interfere
with clinical decisions related to patient care. Whether written
informed consent was given by participants for their clinical
records to be used in this study, every consent was obtained
before the patient records/information was anonymized and
de-identified before analysis. The results will be disseminated
to study participants if the dissertation would be accepted.
The study protocol was affirmed by the Ethics Committee of
Taichung Veterans General Hospital and Taipei City Hospital.

Definition of eGFR Trajectory Patterns

Each patient was classified into one of four groups based
on the four-variable Modification of Diet in Renal Disease
(MDRD) Study equation (22, 23). Those eGFR data were
obtained prospectively, and the number of eGFR measurements
is various with >3 before enrollment. To stratify the eGFR
trajectory patterns, we first applied a linear mixed-effects model
with a quadratic term in time for repeatedly measured eGFR
values (polygonal lines in Supplementary Figure 1) (24). More
specifically, the eGFR of each patient is modeled as a quadratic
function of time to examination since treatment with all terms
having random effects. In addition to the estimation of the
fixed effects, we also obtained the empirical Bayes estimates
of each patient’s random effects, which are distributed random
variables with a mean zero. By plugging these estimates, a
patient’s trajectory is fitted by the polynomial of degree 2 with
the corresponding estimated random effects and fixed effects
as coeflicients. Based on that, we can classify an individual
into one of the 4 eGFR trajectories. eGFR trajectory pattern
1 (T0), which is characterized by the baseline eGFR 27.9 £
9.8 and a median 9.25-year later the eGFR estimated as 11.3
+ 10.3 ml/min/1.73m? per year (25), was defined to be stably
slow progression accounting for 19.6% of patients (Figure 2).
Thirty-five empirical trajectories of eGFR_MDRD randomly
selected from each group are drawn in the following figure
(polygonal lines in Supplementary Figure 1) combining with
the classified eGFR_MDRD trajectories for these 4 groups. Each
smooth curve is the average of the observed trajectories in the
group corresponding to the same color. It can be seen that the
estimated and smooth trajectories fitted all patients’ empirical
eGFR trajectories well. Trajectory pattern 2 (T1), which is
characterized by early non-decline (<-0.43 to —0.48 ml/min/1.73
m? per year) (2) and then persistent decline of more than —3
ml/min/1.73 m? per year, accounted for 38.4% of patients. The
turning point of the eGFR trajectory was determined by the
joint model using latent random effects (26). Trajectory pattern
3 (T2), which is characterized by persistently increasing eGFR
without any decreases, accounted for 4.2% of patients. Trajectory
pattern 4 (T3), which is characterized by an initial low eGFR
of 20 ml/min/1.73 m? and mild progression (>-2 ml/min/1.73
m? per year for every month of the period or >-1 ml/min/1.73
m? per year, which corresponded roughly to the average age-
related decline in GFR) (1) in the first 5 years, followed by

progressive increasing eGFR (T3) values without any decreases,
accounted for 37.8% of patients. Sensitive analyses with the
CKD-EPI equations (27) were also shown in Figure 2.

Assessment of Malnourishment

The clinical presence of malnourishment in older adults was
determined based on the following indicators: body mass index
<22 kg/m?, serum albumin <3.0 g/dL, or GNRI < 98 (4). The
GNRI formula is as follows: GNRI = (1.489 x albumin in gram
per liter) + (41.7 x present/ideal body weight). The ideal body
weight was calculated according to the Lorentz formula, which
takes into account a patient’s height and sex: for men, height -
100 - ([height — 150]/4); for women, height — 100 - ([height -
150]/2.5) (4, 28-30).

Availability of Data and Imputation

There are missing values for various variables in the judgment
of malnourishment in 3,948 patients, and we listed the
detailed numbers of patients with abnormal levels of albumin,
BMI, or GNRI in Supplementary Table 1. All missing values
were imputed using multiple imputations with the FCS
(Fully Conditional Specification) imputation method (31).
Ten imputations were performed. All the estimates and the
corresponding standard error estimates in each imputation were
properly combined.

Covariates

Covariates included age, gender, smoking, alcohol, initial eGFR,
diabetes mellitus (DM), hypertension (HTN), cardiovascular
diseases, malignancy, malnourishment components (4, 28), the
classified eGFR trajectory patterns, serum uric acid, HbAlc,
and medication. Baseline comorbidities were ascertained at the
time of study entry. Comorbid conditions were self-reported by
the patients or retrieved from electronic records. The presence
of cardiovascular diseases, i.e., coronary artery disease, stroke,
congestive heart failure, arrhythmia, and peripheral arterial
disease, was determined using patients’ medical records.

Study Outcomes

Mortality was obtained from the death registry system and
coded from death certificates according to the International
Classification of Diseases (ICD)-9 or ICD-10. The primary
outcome was all-cause mortality, and the secondary outcome was
kidney failure. Patients were identified as having kidney failure if
they had undergone maintenance dialysis or short-term dialysis
before death.

Statistical Analyses

Based on the empirical Bayes estimates of all random effects,
each patient’s eGFR profile was estimated. The results revealed
four patterns of eGFR trajectories. Each patient was classified into
one of the four trajectory patterns according to his/her estimated
eGFR profile. To construct eGFR trajectories, the longitudinal
eGFR pattern was followed for nearly 140 months (Figure 2).
The baseline demographics are presented as number and
percentage for categorical variables and as mean with standard
deviation (SD) or median with interquartile range (IQR) for
continuous variables. We compared the characteristics of patients
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FIGURE 2 | Four eGFR trajectories in the CKD cohort. Pattern 1 (TO): solid blue line, gradual eGFR decline; pattern 2 (T1): solid green line, early non-decline and then
persistent decline; pattern 3 (T2): solid red line, persistently increasing eGFR; pattern 4 (T3): solid black line, low baseline eGFR with the early decline and then
progressively increasing eGFR. Four eGFR trajectories with the CKD-EPI equations were also shown (dotted blue, green, red, and black line).

with and without malnourishment and among the different
eGFR trajectory patterns using a Chi-square test for categorical
variables and one-way ANOVA for continuous variables. The
post-hoc analysis was conducted to compare all pairs of
subgroups. These calculations were conducted using SAS PROC
MI and PROC MIANALYZE. Multinomial logistic regression
analysis was applied to evaluate the associations between eGFR
trajectory patterns and factors, including demographic variables,
comorbid conditions, lifestyle, and nutritional status of older
people. The primary outcome, all-cause mortality, and the
secondary outcome, kidney failure, were analyzed using cause-
specific hazard models for competing risk data. All variables,
including the classification of eGFR trajectory patterns, were
adjusted in the survival analysis. In all tests, a p < 0.05
was considered statistically significant. Statistical analyses were
implemented using R statistical software, version 3.4.2, and SAS,
version 9.4 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Baseline Demographics
Based on a prospective longitudinal cohort (Figure 1), Figure 2
shows 4 major eGFR profiles which were determined by
calculating the average empirical Bayes estimates of all random
effects in each patient. We further analyzed the demographic
and clinical characteristics of the cohort according to each of
the eGFR trajectory patterns (Table 1). Patients with persistent
increasing eGFR (T2) were older than patients in the other
subgroups, and the T1 group had a higher percentage of smoking
and alcohol consumption after post-hoc test comparing all pairs
of subgroups. Baseline eGFR in the T3 group was lower than that
in the other subgroups, and a higher proportion of patients in the
late stages of CKD were also found in the T3 group (Table 1).
Prevalence of nutrition-related risks, including low serum
albumin, abnormal BMI, and low GNRI value in both the T2
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TABLE 1 | Demographic and clinical characteristics of four eGFR patterns.

Parameter* TO ™ T2 T3 p value
Number of patients n=774 n=1,519 n =164 n = 1,491
Demographic characteristics
Age (years) 761 +£7.0 76.3 £ 7.1 79.9+6.9 75.0 £ 6.9 <0.001
Gender, male (%) 510 (65.9) 1,155 (76.0) 121 (73.8) 854 (57.3) <0.001
Smoking (%) 289 (39.6) 622 (42.5) 57 (36.3) 494 (35.0) <0.001
Alcohol (%) 186 (25.5) 446 (30.5) 41 (26.1) 326 (23.1) <0.001
Diabetes mellitus (%) 311 (40.2) 552 (36.3) 44 (26.8) 649 (46.0) <0.001
Hypertension (%) 538 (69.5) 1,097 (72.2) 108 (65.9) 1,110 (78.7) <0.001
Cardiovascular diseases’ (%) 103 (13.3) 201 (13.2) 28 (17.1) 159 (11.3) 0.108
Malignancy (%) 80 (11.0) 116 (7.9) 3(7.3) 123 (8.7) 0.124
Baseline eGFR, ml/min per 1.73 m? by MDRD equation 279+9.8 38.5+13.2 58.0 £22.3 215+ 144 <0.001
1.>90 0(0.0) 5(0.3) 10 (6.1) 3(0.2) <0.001
2.60to <90 7 (0.9 84 (5.5) 63 (38.4) 12(0.8)
3. 30 to <60 289 (37.3) 1,092 (71.9) 78 (47.6) 372 (24.9)
4.15t0 <30 420 (54.9) 291 (19.2) 11(6.7) 439 (29.4)
5. <15 58 (7.5) 47 (3.1) 2(1.2) 665 (44.6)
Malnourishment indicators
Serum albumin <3.5 g/dL (%) 108 (13.9) 161 (10.6) 36 (21.7) 313 (21.0) <0.001
BMI, kg/m? 24.6 £3.7 247+ 35 243+ 4.4 245+ 3.6 0.474
GNRI 105.9 £ 11.1 107.2 £ 10.6 101.4 £ 11.8 103.0+ 11.4 <0.001
Other laboratory data
Serum uric acid >7.2 mg/dL (%) 523 (67.6) 896 (59.0) 97 (69.3) 941 (63.1) 0.013
HbA1C > 6.5% (%) 131 (16.9) 260 (17.1) 7 (4.3) 253 (17.0) <0.001
Serum albumin, g/dL 39+05 41+05 3.8+ 0.5 3.8+05 <0.001
Medications, n (%)
ACEIs/ARBs 497 (64.2) 992 (65.3) 116 (70.6) 854 (57.3) 0.001
Insulin 265 (34.2) 380 (25.0) 72 (43.8) 587 (39.4) <0.001
OAD 271 (35.0) 501 (33.0) 24 (14.6) 558 (37.4) <0.001
Antilipemic agents 172 (22.2) 374 (24.6) 72 (43.9) 362 (24.3) 0.016
Drugs for hypertension 559 (72.2) 1,104 (72.7) 136 (82.9) 1,145 (76.8) 0.024
Follow-up time, years, median (25th—75th percentile) 1.8(1.1-4.5) 2.7 (1.4-4.8) 2.0 (1.3-3.6) 2.1(1.1-4.0) <0.001
Death (%) 102 (13.2) 95 (6.3) 7 (4.9) 129 (8.7) <0.001

*Data are presented as mean + SD or n (%) of participants.

Presence of cardiovascular diseases, i.e., coronary artery disease, stroke, congestive heart failure, arrhythmia, and peripheral arterial disease.

T0, gradual eGFR decline; T1, early non-decline and then persistent decline; T2, persistently increasing eGFR; T3, low baseline eGFR and then progressively increasing eGFR;
MDRD, Modification of Diet in Renal Disease Study Equation for Estimating Glomerular Filtration Rate; BMI, body mass index; GNRI, Geriatric nutritional risk index;, ACEI,
Angiotensin-Converting-Enzyme Inhibitor; ARB, Angiotensin Receptor Blocker; OAD, oral antidiabetic.

and T3 groups were higher than those in the T0 and T1 groups.
The median follow-up was 2.27 years [interquartile range (IQR),
1.16-4.45]. A total of 333 individuals (8.4%) died at the end of the
study (Table 1).

Adjusted Associations of Trajectory

Classes

Because the presence of certain parameters may be correlated
with increased or decreased odds of trajectory classes (2), we
then examined the association between the eGFR trajectory
patterns and confounding factors via the multinomial logistic
regression analysis (Table2). After adjusting confounding
factors, compared to the TO group in the CKD cohort, eGFR
trajectory T1 and T2 were associated with higher baseline eGFR

values, but eGFR trajectory T3 was less likely to have high
baseline eGFR. The estimated odds of being classified into the T1,
T2, and T3 groups, rather than the T0 group, were 1.06 (95% CI
1.05-1.07), 1.13 (95% CI 1.11-1.14), and 0.96 (95% CI 0.95-0.97),
respectively. Compared to the eGFR trajectory TO group, the T1
group had higher serum albumin levels, and the T2 group had
more elderly people, but the T3 group had a greater likelihood
of hypertension. Compared to the TO group, the eGEFR trajectory
T2 group had a higher proportion of older patients, while the
eGFR trajectory T3 group had a higher proportion of younger
patients. More specifically, for each additional year in age, there
was a significant increase in the odds of being classified into the
T2 group, but there was a decrease in the odds of being classified
into the T3 group when compared to the TO group.
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TABLE 2 | Multinomial logistic regression to evaluate the association of patients’ characteristics with different eGFR trajectory patterns.

TCVGH_CKD cohort Gradual eGFR

Early non-decline and then

Persistently increasing eGFR (T2) Low baseline eGFR with the early

decline (T0) persistent decline (T1) decline and then progressively
increasing eGFR (T3)

OR OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value
Age 1.0 1.00 (0.99-1.01) 0.95 1.09 (1.06-1.12)  <0.001 0.98 (0.97-1.00) 0.01
Male vs. female 1.0 1.27 (1.00-1.62) 0.05 0.90 (0.54-1.50) 0.69 0.91 (0.72-1.15) 0.42
Smoking 1.0 0.85 (0.67-1.09) 0.20 0.69 (0.42-1.14) 0.15 1.00 (0.77-1.29) 0.98
Alcohol 1.0 1.13(0.88-1.44) 0.33 1.27 (0.75-2.14) 0.38 1.04 (0.81-1.34) 0.73
Diabetes mellitus 1.0 0.93 (0.77-1.13) 0.49 0.79 (0.52-1.22) 0.29 1.12 (0.93-1.36) 0.23
Hypertension 1.0 1.16 (0.94-1.42) 0.16 1.19(0.78-1.82) 0.43 1.58 (1.28-1.95)  <0.001
Cardiovascular disease 1.0 1.07 (0.82-1.41) 0.60 1.64 (0.91-2.61) 0.1 0.83 (0.63-1.09) 0.18
Baseline eGFR 1.0 1.06 (1.05-1.07)  <0.001 1.13(1.11-1.14)  <0.001 0.96 (0.95-0.97) <0.001
Albumin 1.0 1.38 (1.13-1.69)  0.002 0.93 (0.64-1.33) 0.68 0.84 (0.69-1.02) 0.08
BMI 1.0 0.99 (0.96-1.03) 0.63 1.01 (0.96-1.07) 0.61 1.00 (0.96-1.03) 0.76

Applied multiple imputation.
OR, odds ratio; Cl, confidence interval.

Clinical Characteristics Based on the

Absence or Presence of Malnourishment
During the 12-year study period, 1,872 older adults had complete
data with which to identify the status of malnourishment. Among
these 1,872 patients, 765 (40.9%) were identified as having
malnourishment. The study participants were predominantly
male (66.7%), and the mean age was 76.9 years. The most
common comorbidities were hypertension (77.7%) and DM
(38.8%). Compared with the participants with malnourishment,
those without malnourishment were younger, predominantly
male, and more likely to have diabetes and/or hypertension.
Participants without malnourishment also had higher alcohol
consumption, HbAlc, and more prescriptions for hyperlipidemia
and hypertension drugs (Table 3).

Correlations of eGFR Trajectory and
Malnourishment With All-Cause Mortality

and Kidney Failure

For all-cause mortality in the overall patients, compared to
the TO group, the eGFR trajectory T1 group had a lower risk
(aHR = 0.52, 95% CI 0.32-0.83, p = 0.007) after adjusting for
all other covariates (Figure 3A). More specifically, there was a
lower risk for patients with malnourishment and eGFR trajectory
T1 (aHR = 0.51, 95% CI 0.27-0.95, p = 0.035) (Figure 3E), but
there was no significant risk for mortality in patients with eGFR
trajectory T1 and without malnourishment (aHR = 0.52, 95% CI
0.25-1.08, p = 0.08) (Figure 3C).

Regarding the risk of kidney failure in the overall patients,
eGFR trajectory T3 in patients significantly associated with a
higher risk for kidney failure (aHR = 5.68, 95% CI 3.12-
104, p < 0.001) compared to the reference (Figure 3B). In
the presence of malnourishment and eGFR trajectory T3, the
aHR was 5.85 (95% CI 2.37-14.58; Figure 3F); in patients with
eGFR trajectory T3 and without malnourishment, the aHR
was 5.49 (95% CI 2.45-12.27; Figure 3D) after compared with
the reference.

Malnourishment and Comorbid lliness Are
Risks for All-Cause Mortality and Kidney

Failure

Concerning the effect of comorbid illness on all-cause mortality,
baseline high eGFR and high GNRI value were significantly
associated with a lower risk of death (Figure 3A) and kidney
failure (Figure 3B), although there was no GNRI effect on kidney
failure in patients with malnourishment (Figure 3F). In the
subgroup analysis of eGFR on mortality, high eGFR was not
significantly associated with all-cause mortality in the absence
(Figure 3C) or presence (Figure 3E) of malnourishment. Patients
of older age without or with malnourishment in the CKD
cohort were associated with a high risk of death, respectively
(without malnourishment: aHR = 1.09, 95% CI 1.05 —1.14,
p < 0.001; Figure 3C; with malnourishment: aHR = 1.04, 95%
CI 1.01-2.07, p = 0.011; Figure 3E). However, in the absence of
malnourishment, patients with older age had a significantly lower
risk of kidney failure than relatively young patients (Figure 3D).
Moreover, DM in all patients (Figure 3A) and BMI > 24 in
patients with malnourishment were significantly associated with
a higher risk of death (Figure 3E). DM in all patients also
had a higher risk of kidney failure (Figure 3B). Furthermore,
patients with alcohol consumption had a high risk of kidney
failure, especially those with malnourishment (Figure 3F). The
multiplicative interaction analysis among eGFR trajectory,
malnourishment, and comorbidities was significant in all-cause
mortality as well as kidney failure. For mortality, patients with
DM, eGEFR trajectory T1, and BMI > 24 had different associations
on the outcome between patients without malnourishment
and patients with malnourishment. For kidney failure, patients
with older age, alcohol consumption, and DM had different
associations on the outcome between patients without and
with malnourishment (Supplementary Table 2). The results of
formal interaction analysis are almost consistent with those
of the aforementioned analysis stratified by malnourishment.
Furthermore, this association and predictive value of eGFR
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TABLE 3 | Demographic and clinical characteristics between older adults without and with malnourishment.

Parameter* Overall Without malnourishment With malnourishment p value
Number of patients n=1,872 n=1,107 n =765
Demographic characteristics
Age (years) 76.9 +£6.7 76.5+6.5 77.6+6.9 0.001
Gender, male (%) 1,249 (66.7) 765 (69.1) 484 (63.9) 0.010
Smoking (%) 706 (37.9) 417 (37.7) 289 (37.8) 0.962
Alcohol (%) 493 (26.5) 318 (28.7) 175 (22.9) 0.006
Diabetes mellitus (%) 727 (38.8) 461 (41.6) 266 (34.8) 0.003
Hypertension (%) 1,454 (77.7) 918 (82.9) 536 (70.1) <0.001
Cardiovascular diseasest (%) 224 (12.0) 125 (11.3) 99 (12.9) 0.313
Malignancy (%) 161 (9.1) 97 (8.8) 64 (8.4) 0.977
Baseline eGFR, ml/min per 1.73 m? by MDRD equation 31.1+16.8 31.56+1564 30.5+18.6 0.199
1.>90 13(0.7) 5(0.5) 8(1.0) 0.216
2. 60-<90 82 (4.4) 40 (3.6) 42 (5.5)
3. 30-<60 878 (46.9) 563 (50.9) 315 (41.2)
4.15-<30 557 (29.8) 321 (29.0) 236 (30.8)
5. <15 342 (18.3) 178 (16.1) 164 (21.4)
Malnourishment indicators
Serum albumin <3.5g/dL, (%) 289 (15.4) 46 (4.2) 243 (31.8) <0.001
BMI, kg/m? 241 +£3.7 261 +£29 209+25 <0.001
GNRI 104.9 £ 11.2 110.7+£7.0 93.5 + 9.1 <0.001
eGFR trajectory (%) 0.988
TO0 349 (18.6) 207 (18.7) 142 (18.6)
T1 710 (37.9) 461 (41.6) 249 (32.5)
T2 119 (6.4) 58 (56.2) 61(8.0)
T3 694 (37.1) 381 (34.4) 313 (40.9)
Other laboratory data
Serum uric acid >7.2 mg/dL (%) 917 (51.9) 644 (58.2) 327 (42.7) 0.331
HbA1c >6.5%, (%) 398 (21.3) 280 (25.3) 118 (15.4) <0.001
Serum albumin, g/dL 39+06 41+£03 35+0.7 <0.001
Medications, n (%)
ACEIs/ARBs 1,170 (62.5) 704 (63.6) 464 (60.6) 0.303
Insulin 622 (33.2) 340 (30.7) 288 (37.7) 0.105
OAD 667 (35.6) 436 (39.4) 231 (30.2) <0.001
Antilipemic agents 472 (25.2) 294 (26.6) 152 (19.9) 0.004
Drugs for hypertension 1,380 (73.7) 808 (73.0) 495 (64.7) 0.005
Follow-up time, years, median (25th—75th percentile) 2.7 (1.3-4.39) 2.9 (1.4-4.3) 2.4 (1.2-4.3) <0.001
Death (%) 139 (7.4) 57 (5.1) 82 (10.7) <0.001

*Data are presented as mean + SD or n (%) of participants.

Presence of cardiovascular diseases, i.e., coronary artery disease, stroke, congestive heart failure, arrhythmia, and peripheral arterial disease.
TO, gradual eGFR decline; T1, early non-decline and then persistent decline; T2, persistently increasing eGFR; T3, low baseline eGFR and then progressively increasing eGFR; MDRD,
modification of diet in renal disease study equation for estimating glomerular filtration rate; BMI, body mass index; GNRI, Geriatric nutritional risk index; ACEI, angiotensin-converting-

enzyme inhibitor; ARB, angiotensin receptor blocker; OAD, oral antidiabetic.

trajectory T3 for all-cause mortality were inverse when the initial
3,948 older patients were without selection for malnourishment
(Table 4).

DISCUSSION

To the best of our knowledge, this is the first study to characterize
the full spectrum of different eGFR trajectory patterns in CKD

older adults without or with malnourishment. We also found
that longitudinal eGFR change was more useful than baseline
eGFR or eGFR decline rate when the observation window
was extended. This was tested and estimates for baseline GFR
were statistical borderline in the models for both mortality and
kidney failure (Figure 3). We characterized four phenotypically
distinct functional trajectories. Although eGFR trajectory TO
and T1, respectively, showed a consistently slow decline of
eGFR and early non-decline before persistent eGFR decline
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FIGURE 3 | Effects of kidney function trajectories and malnourishment on all-cause mortality (A,C,E) and kidney failure (B,D,F) among older adults. 1,872 older
patients were investigated, and the outcomes were fully adjusted for demographics, laboratory parameters, clinical comorbid conditions, GNRI, and medication. There
were no kidney failure events for the eGFR trajectory T2 pattern. HR, Hazard ratio; Cl, confidence interval; DM, diabetes mellitus; HTN, hypertension; CVD,
cardiovascular diseases; BMI_group 2, BMI cut-off point 24 kg/m?. The normal BMI value: male is 19.2-23.7 kg/m? and female is 18.3-22.7 kg/m? (32). *p < 0.05,
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in the CKD patients (1-3), trajectory T3, which showed low
baseline eGFR with an early decline and increasing eGFR in
the follow-up period, was notably and highly associated with
kidney failure in older adults with malnourishment (Figure 3F).
Besides, multimorbidity, abnormal BMI status, and malnutrition
were significantly predictive of patients’ outcomes in older adults
(Figure 3).

The lower association of T1 with mortality is stated to
be specifically present among patients with malnourishment.
Although the estimate was not statistically significant for patients
without malnourishment, it was nearly identical to estimates
for the full cohort and the subset with malnourishment. The
confounding factor due to malnourishment may specifically
present to support the association of T1 with mortality. Those

highlighted the intensive and integrated kidney disease care,
including low protein diet, control of blood pressure, sugar,
hyperlipidemia, correction of metabolic acidosis by sodium
bicarbonate, and adequate administration of erythropoietin
stimulating agents might slow the renal progression that is
independently associated with lower risk for heart failure,
myocardial infarction, and peripheral arterial disease (33,
34). Then, circulating the uremic milieu triggering chronic
inflammation and oxidative stress-related cardiovascular events
and all-cause death might be reduced, especially in the T1
group (35).

Similarly, the HRs for T3 and kidney failure was 5.85 and
5.49 for malnourished and not malnourished older patients,
respectively. Both significant differences and with adequate
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TABLE 4 | Effects of kidney function trajectories and comorbid illnesses on
all-cause mortality among 3,948 older patients with chronic kidney disease without
multiple imputation for missing data and without selection for malnourishment.

Parameters TCVGH_CKD
HR (95% CI)* p value

eGFR trajectory

TO (gradual eGFR decline) 1.0- -

T1 (early non-decline and then 0.46 (0.35-0.62) <0.001

persistent decline)

T2 (persistently increasing eGFR) 0.37 (0.17-0.83) 0.02

T3 (low baseline eGFR with early 0.70 (0.54-0.92) 0.009

decline and then progressively

increasing eGFR)
Age 1.08 (1.06-1.09) <0.001
Male 1.16 (0.87-1.56) 0.32
Smoking 1.09 (0.81-1.47) 0.57
Alcohol 0.94 (0.68-1.30) 0.70
DM 1.23 (0.97-1.55) 0.09
HTN 0.56 (0.44-0.72) <0.001
CVD 0.99 (0.98-1.39) 0.94
Baseline eGFR 0.99 (0.98-0.99) 0.002
BMI_group 2 1.16 (0.82-1.65) 0.40
GNRI_value 0.97 (0.96-0.98) <0.001

*Fully adjusted for demographics, laboratory parameters, clinical comorbid conditions,
GNRI, and mediication.

HR, hazard ratio; Cl, confidence interval; DM, diabetes mellitus; HTN, hypertension; CVD,
cardiovascular diseases; BMI_group 2, BMI cut-off point 24 kg/m?.

The normal BMI value: male is 19.2-23.7 kg/m? and female is 18.3-22.7 kg/m? (32).

confidence intervals claim that the HR decreased from one
group to the other. Those may suggest in the data that these
associations meaningfully differ, and again, the determinants
might be presented.

Several potential mechanisms may explain the determinant
of malnourishment on eGFR trajectory T3-associated kidney
failure. First, malnutrition harming age-related multimorbidity,
subsequent sarcopenia, and neuroendocrine dysfunction
eventually results in an early decreasing and then increasing
eGFR, and the vicious cycle also negatively impacts survival
and renal outcome (36). Second, in studies conducted by the
US Department of Veterans Affairs (VA), 66% of patients
died without having composite kidney disease and 34% of
patients died after developing kidney disease (2, 10). Most
affected patients were older adults. It is plausible that we
speculated that the eGFR trajectory patterns and selection of
malnourishment would simultaneously involve multimorbidity
and nutritional status, and our analysis indeed showed that
these factors were correlated with mortality or kidney failure in
older adults. Finally, the underlying effect of malnourishment
on kidney failure in older people with increasing eGFR
in the follow-up period may include undernourishment,
sarcopenic obesity (BMI > 24), and multimorbidity rather
than underweight status, which can lead to dysregulation or
decompensation of renal function (4). This finding is also
compatible with low creatinine appearance in kidney disease

cachexia in the criteria of low muscle mass, especially in older
adults (37).

Initial low eGFR has been attributed to several concordant
and discordant comorbid conditions, which had direct or indirect
associations with the outcome (2). Baseline malnourishment
status may play a prominent role in the mechanisms underlying
the effect of increasing eGFR trajectory patterns on kidney failure
before the death event in older people. We used baseline eGFR
and eGFR trajectory patterns to test the outcomes and found high
or low eGFR value presented a considerable clinical challenge,
which may frustrate attempts to achieve optimal outcomes in
patients with coexisting diseases.

A major strength of this study was the differences in mortality
rates and kidney failure among four eGFR trajectory patterns
which have not been previously done in the literature. Secondly,
we showed that the most striking finding in the present study
was the association of eGFR trajectory and comorbid conditions
with the risk of outcomes which is modified by malnourishment
status. It is not inferior to the diagnostic performance of several
available tests, such as integrated discrimination index (IDI)
or net reclassification improvement (27, 38) for the candidate
biomarkers (longitudinal measurements of cystatin C) in terms
of accuracy of risk prediction (6). Thirdly, our method of analysis
was capable of fully interpreting the nonlinear eGFR trajectories
or a prolonged period of non-progression in intrinsic or extrinsic
renal diseases.

There were some potential limitations in the present
study that should be addressed. Firstly, there were not
enough variables for comparison due to the large size of
the cohort. Other possible confounding factors included
several concordant and discordant comorbid conditions. Since
albuminuria and proteinuria were not included in our dataset,
the accuracy of nutritional indicators such as albumin and
GNRI is questionable. Especially in patients with nephrotic
proteinuria, these nutritional indicators may not adequately
reflect nutritional status. Secondly, this study included mostly
Taiwanese individuals with a highly selected population,
and thus the results may not be generalizable to less
narrowly defined populations. Thirdly, old age seemed to
have protective effects on kidney failure in the CKD cohort,
and this finding was consistent with previous findings. The
age distribution was the same between the results obtained
using multiple imputations and those without any imputations
(Supplementary Figure 2). Fourth, in clinical practice, it is
necessary to early diagnose the risk of nutritional disorders and
kidney failure for starting treatment promptly and preventing
their progression. However, it takes years to diagnose which of
the four eGFR trajectory patterns a patient falls into. Fifth, the
initiation, dose increase, and discontinuation of drugs that affect
glomerular filtration such as angiotensin-converting-enzyme
inhibitor and angiotensin receptor blocker may influence the
eGFR trajectory pattern. However, it is difficult to present in
this study.

In conclusion, eGFR trajectories were shown to be a
valuable prognostic indicator for predicting outcomes in
older adults with CKD. An integrated kidney disease care
program could have a notable beneficial effect on patients’
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mortality and kidney failure, based on a comparison
with gradual eGFR decline. Increasing eGFR trajectory in
the later period was shown to be a high-risk factor for
kidney failure in older CKD patients. These phenomena
may be due to multimorbidity, abnormal BMI status,
and malnutrition.
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Chronic Kidney Disease (CKD), a disorder that affects 11% of the world’s population,
is characterized by an acceleration in skeletal, immune, renal, and cardiovascular
aging that increases the risk of cardiovascular mortality by 10- to 20-fold, compared
to that in individuals with normal renal function. For more than two decades, the
progressive impairment in renal capacity to maintain normal circulating levels of the
hormonal form of vitamin D (1,25-dihydroxyvitamin D or calcitriol) was considered
the main contributor to the reduced survival of CKD patients. Accordingly, calcitriol
administration was the treatment of choice to attenuate the progression of secondary
hyperparathyroidism (SHPT) and its adverse impact on bone health and vascular
calcification. The development of calcitriol analogs, designed to mitigate the resistance
to calcitriol suppression of PTH associated with CKD progression, demonstrated survival
benefits unrelated to the control of SHPT or skeletal health. The exhaustive search for
the pathophysiology behind survival benefits associated with active vitamin D analogs
has identified novel anti-inflammatory, anti-hypertensive, anti-aging actions of the vitamin
D endocrine system. A major paradigm shift regarding the use of calcitriol or active
vitamin D analogs to improve survival in CKD patients emerged upon demonstration
of a high prevalence of vitamin D (not calcitriol) deficiency at all stages of CKD and, more
significantly, that maintaining serum levels of the calcitriol precursor, 25(0OH)vitamin D,
above 23 ng/ml delayed CKD progression. The cause of vitamin D deficiency in CKD,
however, is unclear since vitamin D bioactivation to 25(0OH)D occurs mostly at the liver.
Importantly, neither calcitriol nor its analogs can correct vitamin D deficiency. The goals
of this chapter are to present our current understanding of the pathogenesis of vitamin
D deficiency in CKD and of the causal link between defective vitamin D bioactivation
to calcitriol and the onset of molecular pathways that promote CKD progression
independently of the degree of SHPT. An understanding of these mechanisms will
highlight the need for identification of novel sensitive biomarkers to assess the efficacy
of interventions with vitamin D and/or calcitriol(analogs) to ameliorate CKD progression
in a PTH-independent manner.
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INTRODUCTION

The vitamin D endocrine system is critical for human health,
and a structurally normal kidney is essential to maintain the
functional integrity of the vitamin D endocrine system. In the
general population, vitamin D deficiency is associated with an
increased relative risk for cardiovascular and all-cause mortality
(1, 2). Accordingly, in chronic kidney disease (CKD), a disorder
that affects 11% of the world’s population, there are progressive
reductions in renal capacity to produce the active form of
vitamin D, 1,25-dihydroxyvitamin D (calcitriol), and a surprising
inability to maintain circulating vitamin D levels, resulting in an
accelerated immune, skeletal, renal and cardiovascular aging. The
end-result is a 10-20-fold increase in cardiovascular morbidity
and mortality, compared to those in gender- and age-matched
individuals with normal renal function (3, 4).

Defects in mineral metabolism, including intestinal calcium
absorption and renal phosphate excretion, are best characterized
features of CKD associated with vitamin D/calcitriol deficiency.
These defects in mineral metabolism contribute to the onset
and progression of secondary hyperparathyroidism (SHPT) and
its associated abnormal bone remodeling including defective
mineralization, increases in bone resorption and fracture risk
and the propensity to vascular and soft tissue calcifications
(5). It is also important to note that hyperphosphatemia is
negatively correlated with lifespan in mammals. Maintenance of
phosphate homeostasis requires a complex endocrine network
involving PTH, vitamin D, FGF 23, and Klotho to provide
appropriate signals to the kidney, parathyroid glands, gut, and
bone. While hyperphosphatemia is known to stimulate pro-
inflammatory, pro-aging and pro-fibrotic signals to exacerbate
renal and cardiovascular damage (6), the mechanisms by which
active vitamin D induces expression of the FGF23 and «-klotho
genes to attenuate the pro-aging effects of hyperphosphatemia
and maintain the plethora of anti-aging/pro-survival actions of
renal and circulating klotho are not fully understood (7).

The prevalence of vitamin D deficiency increases with
advancing CKD (8) and has a more severe impact on survival
than that of calcitriol deficiency (9). This finding has challenged
30 years of clinical experience, where calcitriol was exclusively
administered to control SHPT. In fact, particularly pertinent to
topic of this review on vitamin D prevention of CKD progression,
levels of the calcitriol precursor 25(OH)D above 23 ng/ml and not
of calcitriol are independently associated with reno-protective
actions (10). Since neither calcitriol nor its analogs correct
vitamin D deficiency, and in view of the controversies from
prospective trials regarding the actual efficacy of vitamin D
supplementation strategies to improve survival in individuals
with normal renal function, or SHPT and kidney injury in
early CKD, the overall goal of this chapter is to update our
understanding on (1) CKD-induced defects in systemic and local
vitamin D bioactivation and calcitriol actions and (2) outline
approaches to improve strategies to effectively ameliorate CKD
progression independently of the degree of SHPT by attenuating
its strongest inducers, systemic inflammation, hypertension,
renal and cardiovascular damage. Special focus will be directed at
the pathophysiology driving calcitriol/ VDR-mediated reduction

in pro-inflammatory and hypertensive signals unrelated to klotho
reductions that promote multi-organ damage, including:

1) Hypertension-driven renal and vascular damage unrelated to
the suppression of renin gene expression

2) Immune cell-driven systemic inflammation and oxidative
stress-mediated multi-organ damage

3) Inflammation-induced renin-driven hypertension.

This mechanistic knowledge is a mandatory first step to evaluate
the accuracy of current biomarkers of the severity of CKD
progression and of the response to vitamin D therapy.

DEFECTIVE VITAMIN D BIOACTIVATION
TO CALCITRIOL IN CKD

Vitamin D is not truly a vitamin because, in mammals, the sun
light [ultraviolet B range (UV-B)] converts the skin precursor 7-
dehydrocholesterol into vitamin D3 (cholecalciferol) (11). This
conversion is completely prevented by sunscreen (12). The next
step occurs primarily in the liver, where two cytochromes p450
enzymes, mitochondrial CYP27A1 and microsomal CYP2RI,
hydroxylate cholecalciferol at the 25-position to produce 25-
hydroxyvitamin D (25(OH)D), the main circulating vitamin D
metabolite, with a biological half- life of 15-18 days. Since only
mutations in CYP2R1 result in severe vitamin D deficiency (13)
(serum 25(OH)D levels below 10 ng/ml), CYP2R1 is considered
the most critical vitamin D-25-hydroxylase. Even though skin
and parathyroid cells, immune cells and endometrial cells express
25-hydroxylases (14, 15), neither their distribution in other
tissues nor the regulation of their expression or activity are
fully understood. Nevertheless, because vitamin D measurements
require assays too complex for routine biochemistry laboratories,
and 25-hydroxylases efficaciously convert most circulating
vitamin D into 25(OH)D (16), measurements of 25(OH)D levels
are used to estimate the vitamin D status of an individual.

An important clinical consideration is that only mass
spectrometry accurately measures 25(OH)D levels. Most
common assays used worldwide have a 100% cross reactivity of
25(OH)D with 24,25(0OH);D, a metabolite that marks the first
step in 25(OH)D degradation, and consequently, there is an
overestimation of vitamin D status.

The most critical and tightly regulated step in vitamin D
bioactivation occurs mainly, although not exclusively, in renal
proximal tubules, where the mitochondrial cytochrome p450
CYP27B1 catalyzes the 1a-hydroxylation of 25(OH)D to produce
calcitriol, the most active endogenous vitamin D metabolite (17).
Under physiological conditions, this renal conversion is the main,
if not the only, contributor to circulating calcitriol. Thus, vitamin
D is actually an inactive pro-hormone whose biological actions
require a two-step bioactivation to 1,25-dihydroxyvitaminD
(1,25D or calcitriol), a potent steroid hormone (Depicted in
Figure 1) (11).

In contrast to the 25-hydroxylases, where the enzymatic
activity is not closely regulated, CYP27B1 is tightly regulated
to maintain serum calcitriol within the narrow limits required
to avoid hypercalcemic and hyper-phosphatemic episodes.
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FIGURE 1 | Vitamin D Bioactivation and calcitriol/VDR renoprotective actions. Systemic and intracellular vitamin D activation to 25(OH)D and calcitriol; intracellular
balance between activating CYP2R1/CYP27A1 or CYP27B1 with catabolizing CYP24A1 responsible for final 25(0H)D and calcitriol concentrations for VDR binding
and activation, and 25(0OH)/calcitriol-synergy to enhance calcitriol-VDR transcriptional regulation of renoprotective genes.

CYP27B1 is induced by PTH and suppressed by FGF23 and The high incidence of vitamin D deficiency at all stages of
klotho. Calcitriol itself also controls its own circulating levels ~ CKD (8) emphasizes the critical role of normal kidney function
through a feed-back suppression of its own synthesis, but  in maintaining normal serum 25(OH)D by facilitating the
mostly through the induction of CYP24A1 gene expression. This  reabsorption of 25(OH)D that has been previously filtered at the
enzyme, responsible for calcitriol and 25(OH)D degradation,  glomerulus. 25(OH)D is a lipid soluble molecule that circulates
is constitutively expressed in the kidney and strongly induced  bound to its main carrier, the vitamin D binding protein
by either calcitriol or its analogs in every vitamin D target  (DBP), a low molecular weight protein (60 KDaltons), similar
tissue, thus reducing the toxicity associated with high  in mass to albumin. The 25(OH)D/DBP complex is filtered at
circulating calcitriol (18). Accordingly, to maintain normal the glomerulus and its reabsorption occurs at proximal tubules
circulating calcitriol levels, PTH and FGF23 suppress and induce  and requires adequate tubular cell levels of the endocytosis
CYP24A1, respectively. receptor, megalin (20). In CKD, an early loss of renal megalin (21)

Numerous other cell types express CYP27B1 and produce  impairs the renal uptake of 25(OH)D compromising non only
calcitriol in a cell/tissue specific manner. This extrarenal calcitriol =~ mitochondrial calcitriol production, but also 25(OH)D recycling
production is of high clinical relevance beyond CKD. In fact,  back to the circulation to ensure adequate extrarenal calcitriol
the multiple health disorders associated to vitamin D deficiency  synthesis. Interestingly, vitamin D induces the expression of renal
in the general population occur despite normal serum calcitriol. ~ megalin (22). Thus, the early correction of vitamin D deficiency
The low circulating 25(OH)D levels during vitamin D deficiency ~ in CKD recommended by KDIGO guidelines may attenuate
(below 20 ng/ml) reduce local calcitriol synthesis by non-renal  renal megalin reductions, thereby improving renal and extrarenal

cyp27B1s, thus compromising the plethora of tissue-specific pro-  calcitriol production.

survival actions of calcitriol. The actual contribution of impaired uptake of 25(OH)D
CKD severely compromises renal and extrarenal vitamin  on renal calcitriol production was demonstrated by a strong

D bioactivation to calcitriol starting with an impaired photo-  correlation between serum calcitriol and 25(OH)D levels in

activation of the skin precursor 7-dehydrocholesterol to  advanced CKD patients with a glomerular filtration rate below

cholecalciferol (19). 25 ml/min (23, 24), which does not exist in individuals with
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normal renal function. Importantly, in addition to defective
substrate availability for calcitriol production in CKD, a higher
fragmentation of PTH in the parathyroid gland, elevations
in FGF23, and the accumulation of uremic toxins further
reduce CYP27B1 expression to exacerbate calcitriol deficiency, as
reviewed in (17).

Importantly, 25(OH)D supplementation to hemodialysis
patients can normalize serum calcitriol, even though renal
mRNA levels for CYP27B1 should be markedly reduced by
high serum FGF23 (24). The contribution of extrarenal calcitriol
production cannot be fully disregarded as FGF23 increases
rather than decreases parathyroid CYP27B1 expression (25).
Similarly, despite the increases in CYP24A1 mRNA induced by
high FGF23, serum levels of 24,25-dihydroxyvitamin D in non-
supplemented or in cholecalciferol supplemented patients were
persistently lower than normal (26, 27). Clearly, in advanced
CKD, the activity of either enzyme fails to reflect FGF23 control
of the respective genes—that is, the damaged kidney fails to
respond to regulation of renal calcitriol production by FGF23.

Furthermore, as will be discussed in the section of vitamin D
control of systemic inflammation, CKD also impairs the substrate
availability for immune cell calcitriol production.

DEFECTIVE CALCITRIOL-VITAMIN D
RECEPTOR (VDR) ACTIONS IN CKD

Once calcitriol is synthesized in the kidney or extrarenally, most
of its biological actions are mediated by binding to the VDR.
VDR binding of calcitriol promotes a conformational change
in VDR that facilitates heterodimerization with the retinoid
X receptor (RXR) and the binding of the VDR/RXR complex
to vitamin D responsive sequences (VDREs) in the promoter
regions of vitamin D responsive genes to regulate gene expression
(18). There are multiple simultaneous rather than a single site
for binding of the ligand-activated VDR/RXR complex up or
downstream from the transcription start site of a target gene (28)
which are juxtaposed by chromatin looping, thus facilitating the
recruitment of basic transcription factors, co-activator and/or co-
repressor molecules to multiply the potency of VDR-RXR/VDRE
complexes at regulating vitamin D responsive genes (29).

These calcitriol/ VDR-DNA interactions activate/repress the
expression of the 500-1,000 genes responsible for the survival
benefits associated with normal vitamin D status. The most well-
characterized calcitriol/ VDR actions in nephrology relate to the
control of the calcium/PTH and phosphate/FGF23-klotho axes,
including the suppression of PTH synthesis and the induction
of the phosphaturic hormone FGF23, the longevity gene klotho,
and the calcium channel TRPV6 in enterocytes, the rate limiting
step in intestinal calcium absorption. Other upregulated genes
include the parathyroid calcium sensing receptor, which controls
the responsiveness of the parathyroid gland to serum calcium and
senses high circulating phosphate suppressing its inhibitory effect
on PTH (30), and the receptor of the canonical Wnt pathway
LRP5 in bone (18).

Some of these calcitriol/ VDR target genes code for
microRNAs (31), short (18-25 nucleotides) non-coding

RNAs that control the expression of more than 30% of the
genes in the genome by binding the 3’ untranslated region
of target mRNA, decreasing either their stability or protein
translation. Calcitriol/ VDR induction of miR-145 is of particular
interest. miR-145 is the most abundant microRNA in normal
vascular smooth muscle cells and may contribute to vascular
protection, as miR145 is downregulated in proliferative vascular
diseases (32) and also in uremia and hyperphosphatemia
(33, 34). Reductions in miR145 directly augment ADAM17 gene
expression, an enzyme which is critical for (1) the severity of
parathyroid hyperplasia in the course of CKD (35), (2) release
of TNFa that enhances systemic inflammation and multiorgan
damage (36), and (3) angiotensin II-driven renal damage at early
CKD stages (37).

The calcitriol/ VDR complex also indirectly controls certain
“apparent” target genes through the regulation of the expression
of an essential inducer or repressor gene. Important examples
related to attenuation of CKD progression include induction of
C/EBP to facilitate suppression of parathyroid ADAM17 gene
expression, which is critical to attenuate hyperplastic growth of
parathyroid tissue (38). Additionally, VDR activation results in
a 30-fold induction of FGF23 expression, critical for the renal
handling of excess phosphate, which is markedly attenuated by
inhibiting new protein synthesis. This finding suggests that the
increase in FGF23 expression by calcitriol/ VDR occurs via a yet
unknown mediator (39).

Undoubtedly, the intracellular levels of both calcitriol and
VDR determine the magnitude of calcitriol/ VDR complex
formation and the efficacy for direct or indirect control of target
genes expression by the calcitriol/ VDR complex, and both are
reduced in CKD (17). Decreases in cellular levels of the VDR
partner for the regulation of gene expression, the retinoid X
receptor (RXR), as well as increases in systemic levels of uremic
toxins reduce calcitriol/VDR-RXR binding to DNA, further
impairing the response of CKD patients to vitamin D therapy
[Reviewed in (40)].

Therapeutically, the development of calcitriol analogs that
selectively maintain the benefits of VDR activation with less
calcemic or phosphatemic activity (41) has helped improve
outcomes, by allowing a safer escalation of analog dosage
to counteract the progressive resistance to therapy caused
by CKD-induced VDR reductions (42). Two of these “so
called” analogs, 1-a-hydroxyvitamin D3 and 1-a-hydroxyvitamin
D2 (doxercalciferol), are calcitriol precursors, as they can be
activated to 1,25-dihydroxyvitamin D3 or D2, respectively, in
the liver, through their hydroxylation at carbon 25. On the
other hand, paricalcitol and maxacalcitol are true calcitriol
analogs, structurally different compounds that maintain calcitriol
selective actions in the control of SHPT with less adverse effects
on calcium and phosphate metabolism as reviewed in (43). There
are important clinical considerations for interventions using high
doses of calcitriol, calcitriol precursors or its analogs: (1) They
are incapable of correcting underlying vitamin D deficiency,
and (2) their induction of CYP24A1 expression may further
reduce not only systemic levels of 25(OH)D for local calcitriol
production, but also intracellular calcitriol for VDR activation
(see Figure 1).
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A previously unrecognized synergy between 25(OH)D and
calcitriol for VDR activation could be exploited to safely
improve clinical outcomes in CKD without escalating calcitriol
(analog) doses (see Figure1). Studies in the CYP27B1 null
mouse (44), which lack the capacity to convert 25(OH)D to
calcitriol, and using 25(OH)D analogs chemically modified to
prevent hydroxylation at carbon 1 (45, 46) have demonstrated
that 25(OH)D can activate the VDR directly, and more
importantly, it synergizes with calcitriol activation of the
VDR. This 25(OH)D/calcitriol synergy, achieved by normalizing
serum 25(OH)D levels, was shown sufficient to overcome the
parathyroid resistance to low doses of the calcitriol analog
paricalcitol caused by VDR reductions and accumulation
of uremic toxins, even in hyper-phosphatemic experimental
CKD (38). Thus, in tissues like the parathyroid glands and
monocyte macrophages expressing 25-hydroxylases, and whose
activities are not as tightly regulated as renal CYP27B1
and CYP24Al1, appropriate vitamin D supplementation will
help promote synergistic 25(OH)D/calcitriol interactions by
increasing intracellular 25(OH)D levels with minimal, if any,
impact on systemic calcium homeostasis. If the capacity
for extrahepatic conversion of circulating cholecalciferol to
25(0OH)D is tissue specific, current recommendations to
achieve certain 25(OH)D levels to improve outcomes may
not be accurate. A recent comprehensive review updates our
understanding of the epidemiology of native hypovitaminosis
D in CKD, current available therapeutic interventions and the
existing challenges to achieve an appropriate correction of
vitamin D deficiency/insufficiency, not only to ameliorate the
progression of SHPT, but also to confer renal and cardiovascular
protection improving outcomes (47). A better understanding of
the modulators of the tissue specific expression and activity of 25-
hydroxylases in CKD could improve current recommendations
to enhance the survival benefits of a normal vitamin D status in
these patients.

LESSONS FROM THE DEFECTIVE
CALCITRIOL SUPPRESSION OF PTH
SYNTHESIS AND PARATHYROID
HYPERPLASIA IN CKD

The parathyroid gland is the calcium sensor of the body
and one of the best studied targets of vitamin D actions,
where it inhibits PTH synthesis and secretion and suppresses
hyperplastic parathyroid cell growth, thus attenuating bone loss
and the propensity to develop vascular calcification that increases
mortality rates in the course of CKD. Indeed, in hemodialysis
patients, the COSMOS study, a large European prospective study
with a 3 year follow up on the clinical handling of more than
6,000 CKD-5D patients, has provided an optimal range of serum
PTH that associates with the lowest relative risk of mortality
(48). Furthermore, COSMOS has also corroborated the survival
benefits associated with correction of serum PTH to achieve
values within the optimal range.

Hypocalcemia, hyperphosphatemia and vitamin D deficiency
are the main causes of SHPT (49). The calcitriol/VDR complex

suppresses PTH synthesis through a direct negative regulation
of the PTH gene promoter (18). Vitamin D deficiency (50)
and progressive reductions in serum calcitriol in the course of
CKD (51) also impair the response of the parathyroid gland
to calcium due to reductions in parathyroid content of the
calcium sensing receptor (CaSR), a gene directly stimulated by
the calcitriol/ VDR complex (52). In addition to the control of the
calcium/PTH axis, the calcitriol/ VDR complex induces FGF23
synthesis by cells of the osteoblastic/osteocyte lineage, providing
an additional mechanism to reduce PTH secretion if there is
sufficient parathyroid klotho (53), another gene induced by the
calcitriol/ VDR complex (18).

In individuals with normal renal function, the correction of
vitamin D deficiency through cholecalciferol supplementation is
sufficient to prevent the elevations in serum PTH. However, in
CKD, the recommendations of the KDIGO guidelines to correct
vitamin D deficiency prior to initiating therapy with calcitriol
often fails to correct serum PTH. In fact, in CKD stages 3-4,
daily cholecalciferol doses of 4,000 IU/day for 1 month followed
by 2,000 IU for 2 additional months, which effectively corrected
serum 25(OH)D from 14 to 37 ng/ml, did not reduce serum PTH,
despite achieving normal serum calcitriol levels (54). Instead, in
the same CKD3-4 group, 50% of patients receiving 50,000 U
of ergocalciferol (vitamin D2) every 14 days, reached 25(OH)D
levels above 35 ng/ml that suppressed PTH (5), while daily doses
of 8,000 IU of cholecalciferol for 12 weeks effectively controlled
SHPT without hyper-calcemic or hyper-phosphatemic episodes
(55). In renal transplant recipients, effective PTH suppression
requires 100,000 IU of ergocalciferol every 14 days (56).

Part of the difficulty in normalizing serum PTH with vitamin
D supplementation as CKD progresses results from the impact of
prolonged hypocalcemia or vitamin D deficiency on parathyroid
cell proliferation to meet the requirements for higher serum PTH
to normalize serum calcium. Persistent hyperphosphatemia also
stimulates parathyroid hyperplasia (57).

The severity of parathyroid cell growth determines not only
the degree of SHPT but also contributes to marked reductions
in parathyroid VDR, calcium sensing receptor, FGF receptors,
and cell membrane klotho, thus impairing PTH suppression
in response to the correction of vitamin D deficiency or to
therapeutic interventions with calcitriol or its analogs, oral
calcium, or by the progressive elevations in FGF23 that take place
in the course of CKD. The pathogenic link between parathyroid
hyperplasia and VDR reductions and its reversal by synergistic
25(OH)D/calcitriol interactions is summarized in Figure 2.

The release of mature TGFa from its transmembrane
precursor by ADAMI17, an enzyme essential for parathyroid
gland development (38), initiates a powerful autocrine loop for
excessive TGFa/EGFR-growth signals because TGFa induces
its own gene expression (58) and that of the ADAMI17
gene (38). TGFo/EGFR-driven increases of oncogenic LIP is
responsible for the suppression of VDR gene expression (59)
and may contribute to the transformation of parathyroid
growth from diffuse to nodular (60). The importance of this
pathway to the degree of SHPT and resistance to vitamin D
therapy was corroborated in nephrectomized mice harboring
a parathyroid-specific EGFR inactivation (35). Importantly, in
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FIGURE 2 | Pathogenesis of parathyroid hyperplasia and resistance to calcitriol actions in CKD. Increases in ADAM17 release of TGFa initiate a vicious
ADAM17/TGFa-EGFR cycle responsible for elevations in LIP, the dominant negative isoform of C/EBPB. Reductions in parathyroid C/EBPB/LIP ratio induce the
ADAM17 gene and suppress VDR gene expression exacerbating parathyroid growth and creating resistance to calcitriol actions. Synergistic interactions between
25(0OH)D and calcitriol induce C/EBPB expression to safely counteract both exacerbated growth and VDR reductions.

a rat model of hyperphosphatemic CKD, when intraperitoneal  as it maintains serum calcitriol within normal limits to prevent
doses of 25(OH)D that correct vitamin D deficiency but  hypercalcemia and hyperphosphatemia. CYP24A1 degrades
are insufficient to reduce serum PTH, are combined with a  excessive circulating levels of calcitriol and also, of 25(OH)D.
paricalcitol dose, also insufficient per se to suppress serum  In agreement with the distinct calcitropic potency of these two
PTH or parathyroid cell growth, the 25(OH)D/paricalcitol  vitamin D metabolites, CYP24A1 has a 25-fold higher affinity for
combination effectively inhibited parathyroid ADAM17 resulting  calcitriol than for 25(OH)D (18). The severe hypercalcemia and
in a 50% PTH reduction (38), despite no changes in serum  nephrocalcinosis in children and adults with a loss of function
calcium (38). Mechanistically, improved parathyroid calcitriol =~ mutation of this gene (61, 62), which corroborated the phenotype
synthesis upon vitamin D supplementation, and/or synergistic ~ of the CYP24A1 null mouse (63), strongly supports the clinical
25(OH)D/calcitriol interactions that enhance VDR activation  significance of calcitriol induction of CYP24Al in vitamin D
partly explain the higher efficacy of the combination to  responsive tissues.

inhibit serum PTH and parathyroid hyperplasia over that
of either monotherapy. This synergy may help improve the
control of SHPT in advanced CKD patients, whose degree
of hypercalcemia or hyperphosphatemia impedes escalating
calcitriol or analog dosage. Importantly, a strict control of doses
is mandatory, particularly when using oral formulations, as
the 25(OH)D/calcitriol (analog) combination will also synergize
to activate intestinal VDR increasing calcium and phosphorus
absorption. Undoubtedly, the risks of hypercalcemia and
hyperphosphatemia will be lower if cholecalciferol, rather than
25(OH)D, is used to normalize vitamin D levels.

Induction of Klotho
Progressive reductions in renal content of the longevity gene
klotho (64) increase mortality rates in the course of CKD due to
accelerated skeletal, immune, renal and cardiovascular aging.
Klotho is expressed mostly in the kidney, the parathyroid
gland, and the choroid plexus (65). Interestingly, only renal
klotho content appears to be essential for survival, since a kidney
specific klotho ablation sufficed to reproduce the accelerated
skeletal, immune, renal and cardiovascular aging of the klotho
null mice (66). This finding and the identification of a VDRE
in the human klotho promoter (67) suggested that defects in

DIRECT RENOPROTECTIVE ACTIONS OF vitamin D induction of renal klotho could mediate, in part,

THE CALCITRIOL/VDR COMPLEX the epidemiological association between vitamin D deficiency
. and higher risk of all-cause mortality in the general population
Induction of CYP24A1 (68), a risk markedly augmented in CKD patients (9). In fact,

In the kidney, the induction of CYP24A1 was considered for  the lower survival rates in hemodialysis patients carrying a
decades the most critical action of the calcitriol/ VDR complex,  klotho polymorphism that impaired function were improved by
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calcitriol (analog) administration (69). However, it is unclear
whether the increases in survival involved elevations in the
levels of the defective klotho, or direct pro-survival actions
of vitamin D interventions unrelated to the induction of
renal klotho.

Our understanding of the cross-talk between CKD and loss
of klotho pro-survival actions, including protection against
CKD progression, has evolved substantially in the last 10
years. Initially, membrane bound renal klotho was considered,
exclusively, a high affinity receptor for circulating FGF23 and,
therefore, essential for FGF23 phosphaturic actions that attenuate
the pro-aging features of hyperphosphatemia: SHPT, systemic
inflammation, vascular calcification (70).

Klotho also exists in a soluble form, with FGF23-independent
endocrine actions. Soluble klotho is generated by proteolytic
cleavage of the transmembrane klotho, is found in blood, urine
and cerebrospinal fluid (71, 72), and is associated with identical
survival benefits, which also include phosphaturic actions, as well
as anti-inflammatory, anti-apoptotic, and anti-oxidant properties
(73, 74).

Distinct mechanisms mediate the phosphaturic actions
of membrane bound- and soluble klotho (s-klotho). The
FGF23/FGFR/membrane bound klotho complex decreases the
expression of the sodium-phosphate co-transporter NPT2a at
the cell surface of proximal tubular cells reducing phosphate
reabsorption (75). Instead, S-klotho cleaves residues in the
NPT2a that promote its endocytosis, thus impeding phosphate
entrance into renal tubular cells in an FGF23- independent
manner (72). Clinically, the importance of the FGF23/klotho and
S-klotho actions to attenuate the mortality risks associated with
hyperphosphatemia were demonstrated in CKD patients stages
3-4. Progressive reductions of renal klotho impaired the response
to high serum FGF23, markedly reducing fractional excretion
of phosphate and causing 4-fold higher Kauppila indexes,
a measure of abdominal aortic calcification (76). Calcitriol
induction of renal klotho will reduce the resistance to FGF23-
driven phosphaturia. In addition, calcitriol/VDR induction of
renal megalin (22), essential for the endocytosis of the NPT2 co-
transporter (77), could synergize with the phosphaturic actions
of s-klotho.

In mice with normal kidney function, Klotho induction of
autophagy by disruption of the formation of the Beclinl/Bcl2
complex (78), is one of the mechanisms critical for klotho
prevention of premature aging and lifespan improvements that
are unrelated to the attenuation of hyperphosphatemia. Similar
Klotho-mediated increases in authophagic flow could explain
why systemic administration of recombinant klotho rescues the
renal and cardiovascular damage associated to acute or chronic
renal injury (79-81).

Significantly, two mouse models of acute kidney injury (AKI),
namely bilateral ischemia reperfusion injury, and unilateral
ischemia and unilateral nephrectomy, have demonstrated that
klotho/s-klotho induction of autophagic flow also contributes to
attenuate AKI progression to CKD. Briefly, it is well-accepted
that despite a complete recovery of renal function, AKI later
progresses to CKD with decreases in creatinine clearance,
hyperphosphatemia, and increases in renal fibrosis. While klotho

haplo-insufficient mice progressed to CKD much faster, klotho
overexpressing mice were protected. Importantly, administration
of recombinant a-klotho also protected mice from AKI-driven
CKD mostly through increases in renal cell autophagic flow.
However, the anti-oxidant, anti-apoptotic actions of soluble
klotho cannot be ruled out (82).

Vitamin D anti-oxidant, pro-autophagic, and anti-apoptotic
properties may synergize with klotho actions to protect the
kidney from CKD progression (83).

Overall, preventing the reduction of renal and/or circulating
klotho is essential to reduce the severity of CKD progression
and the risk for cardiovascular mortality. Indeed, serum s-
klotho decreases with age, hypertension (84), and systemic
inflammation (85), all recognized determinants of renal damage
and cardiovascular disease.

The main contribution of the kidney to serum s-klotho levels
was strongly supported by an 80% reduction in circulating
s-klotho upon specific ablation of renal klotho (66). This
finding was critical to consider that serum s-klotho levels
could be an accurate biomarker of renal klotho content, CKD
progression and of cardiovascular mortality risk in CKD patients.
However, the kidney is also the main organ for the clearance
of circulating klotho into the urine, through a process of
transcytosis through tubular cells (86). Therefore, increases in
circulating s-klotho could reflect an impaired transcytosis to
the urine by the damaged kidney, which may mask both,
actual renal klotho reductions and potential improvements
in renal klotho content induced by vitamin D interventions.
Therefore, before serum or urinary s- klotho can be used as
biomarkers of renal and cardiovascular risk, it will be important
to establish the optimal range for serum and urinary s-klotho
that are associated with the lowest mortality risks at different
CKD stages.

Regarding therapy with calcitriol or its analogs to recover
renal klotho in advanced CKD, it is important to consider
the severe alterations in the vitamin D/klotho-FGF23 axis
in CKD to avoid hyperphosphatemia and excess levels of
circulating calcitriol that could compromise klotho pro-
survival actions.

CALCITRIOL REDUCTION OF
HYPERTENSION-DRIVEN RENAL AND
VASCULAR DAMAGE UNRELATED TO THE
SUPPRESSION OF THE RENIN GENE

Suppression of Renin

Vitamin D deficiency has been associated with the development
of hypertension. Calcitriol/ VDR suppression of renin gene
expression (87) explains in part the causal association between
increases in circulating 25(OH)D levels and reductions in
blood pressure and hypertension demonstrated by Mendelian
randomization analysis (88). However, randomized controlled
trials in individuals with normal renal function have yielded
controversial results, partly due to variable vitamin D
interventions as well as the inclusion of subjects with normal
vitamin D levels or receiving anti-hypertensive medications
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(89). In experimental models of diabetic nephropathy, the
simultaneous administration of the angiotensin receptor 1
(AT1R) inhibitor Losartan and the calcitriol analog paricalcitol
effectively attenuated Losartan-induced compensatory increases
in renin, which resulted in much lower serum angiotensin II
(90). The efficacy of calcitriol (analog) therapy at decreasing the
activation of the RAAS has also demonstrated a beneficial impact
on proteinuria, systemic inflammation and the progression of
the cardiorenal syndrome (91). However, as will be presented
below, the calcitriol (analog)/VDR complex may ameliorate
angiotensin II-driven renal damage independently of its
downregulation of RAAS activation by suppressing renin
gene expression.

Suppression of ADAM17

The pioneer work of Lautrette and collaborators demonstrated
that Angiotensin II causes tubular hyperplasia, fibrosis,
glomerulosclerosis, proteinuria, and inflammatory infiltration to
the renal parenchyma through the enhancement of ADAM17
activity at the surface of renal tubular cells (Summarized in
Figure 3) (37). Significantly, ADAMI17-promoted release of
TGFa to drive EGFR activation—the pathway responsible for the
onset of parathyroid hyperplasia and resistance to calcitriol/ VDR
actions—also mediates angiotensin-driven progression of renal
injury. In fact, in a mouse model of mild CKD, either ablation of
TGFa, inhibition of EGFR activation, or inhibition of ADAM17
markedly reduced the degree of renal injury in response to a
prolonged exposure to high levels of angiotensin II, despite
persistent hypertension.

Since the activation of renal ADAM17/TGFa signals occurs in
human CKD of any etiology (92), calcitriol/ VDR suppression of
ADAM17 (38) could contribute to ameliorate CKD progression
in hypertensive individuals (see Figure3). The combined
suppression of renin and ADAM17 gene expression by calcitriol
could contribute to the synergy between paricalcitol and the
ACE-inhibitor, enalapril. In addition, the increases in renal
ADAM17 in CKD also contribute to the renal damage caused by
excessive inflammation.

ADAM17, also called TACE for Tumor Necrosis Factor
Converting Enzyme, is the enzyme responsible for the release
of TNFa to the circulation. Since TNFa induces ADAMI17
gene transcription (93), a vicious cycle is initiated to increase
renal ADAM17 and TNFa-driven systemic inflammation, further
potentiating renal inflammatory damage in an angiotensin II-
independent manner. Consequently, this process is no longer
responsive to anti-RAS therapy. Calcitriol/ VDR suppression of
renin, ADAM17 and, also of TNFa gene expression, explain
the synergy between the calcitriol analog paricalcitol and the
angiotensin I converting enzyme inhibitor enalapril at reducing
inflammatory macrophage infiltration in the renal parenchyma
in rat CKD (94).

Induction of ACE2

Calcitriol induction of Angiotensin converting enzyme II (ACE2)
expression can effectively counteract angiotensin II-driven
hypertensive, inflammatory and pro-fibrotic signals, as depicted
in Figure 3. ACE2 catalyzes the conversion of both angiotensin

I and angiotensin II into angiotensin 1-9 and angiotensin
1-7, respectively, thereby reducing circulating levels and the
deleterious effects of an excess of angiotensin II that follows
RAS hyperactivation (95). In addition to reducing circulating
angiotensin II, angiotensin 1-7 binding to its receptor MAS
activates signaling pathways that promote anti-fibrotic, anti-
oxidant, and vasodilatory signals, thus favoring multiorgan
protection and normotension (96, 97).

Calcitriol induction of ACE2 exerts neuroprotective effects
in the hypertensive brain by attenuating ROS production and
shifting microglia polarization from M1 to M2 (98), and
also prevents LPS-induced acute lung injury by attenuating
the accelerated neutrophil infiltration and severe inflammation
of the lung that follows ACE2 reductions (99). However,
in CKD patients with no history of cardiovascular damage,
levels of circulating, soluble ACE2 correlated with the classical
cardiovascular risk factors (older age, diabetes, male gender)
(100). Since ADAM17 cleaves ACE2, the increases in ADAM17
expression and activity that occurs in kidney disease of
all etiologies could partly account for the increases in
circulating ACE2 and a higher risk for cardiovascular events
(100). Conversely, the cardiovascular protection by calcitriol
and its analogs could result from suppression of ADAM17
expression and induction of ACE2. In fact, in non-obese
diabetic mice, the calcitriol analog paricalcitol, alone or in
combination with aliskiren, effectively counteracted the rise
in circulating, soluble ACE2 levels associated with diabetes.
Reduced ADAMI17 expression, oxidative stress and proteinuria
(101) were also observed, emphasizing the reno-protective effects
of ACE2 induction.

In summary, the actions of the vitamin D endocrine
system at mitigating RAS hyperactivation extend far beyond
the initial discovery of calcitriol’s ability to suppress renin
gene expression. Calcitriol exerts reno-protective effects to
attenuate CKD progression induced by excessive angiotensin
IT by (1) counteracting ADAMI17/TGFa signals, (2) inducing
ACE2/Angiotensin 1-7/MAS receptor activity at the cell surface
by preventing ACE2 shedding in the setting of increased
ADAM17 activity in uremia and, (3) by preventing excessive
renal inflammation through the simultaneous suppression of
the vicious TNFa/ADAM17 feed-forward loop. Undoubtedly,
in the course of CKD, elevations in circulating ACE2 activity
provide a novel biomarker of the failure of vitamin D/calcitriol
interventions to effectively suppress the deleterious effects of
ADAM17 and RAS hyperactivation.

Despite the recommendation that circulating levels of
25(OH)D above 23ng/ml may effectively attenuate CKD
progression (10), it is imperative to recognize that levels
above 35ng/ml may be necessary to suppress PTH with
cholecalciferol supplementation in more advanced CKD, as
angiotensin II-driven increases in ADAMI17/TGFa signaling
may cause renal resistance to calcitriol actions through VDR
reductions, as demonstrated in hyperplastic parathyroid
glands. Thus, optimal vitamin D intervention may require
the synergistic 25(OH)D/calcitriol (analog) interactions
through normalization of vitamin D levels and low doses of
calcitriol (analogs).

Frontiers in Medicine | www.frontiersin.org

85

December 2021 | Volume 8 | Article 790513


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Dusso et al. Vitamin D and Renal Protection

ANGIOTENSINOGEN

T Tl Ang | =» Ang1l9
‘,__REN"‘Q— \\/ /'\ '

ot "] Renin Gene 1 .mFa

[ Tcacrrior | ' GFC Ang Il s (Ang 17

D N A rU

Fibrosis v P-EGFR Anti-fibrosis Fibrosis
Oxidative stress Anti-oxidant Oxidative stress
Vasoconstriction 1 Vasodilator Acute renal damage
Hypertension Normotensor
Acute renal damage Proteinuria Lung protection

Glomerulosclerosis

Tubular hyperplasia

| ADAM17 gene | mononuclear cell infiltration | ACE2gene | | TNFa gene

\ Fibrosis

CALCITRIOL

Renal Tubular Cells

FIGURE 3 | Anti-hypertensive properties of the calcitriol-VDR complex reducing CKD Progression. Calcitriol ameliorates hypertension-driven renal damage by
suppression of renin gene expression, responsible for elevations in circulating Angiotensin Il; Inhibition of ADAM17 expression to effectively counteract Angiotensin
II-mediated increases in TGFa/EGFR signals responsible for CKD progression; Induction of ACE2 for Angiotensin 1-7 synthesis and Angiotenisn 1-7/MAS receptor
anti-hypertensive, anti-fibrotic and anti-inflammatory signals, and Inhibition of TNFa expression, whose induction of the ADAM17 gene further augments systemic
inflammation and renal injury.

CALCITRIOL ATTENUATION OF IMMUNE by Middle East respiratory syndrome coronavirus (MERS-CoV)
CELL FUNCTION AUGMENTING (104). Calcitriol immune regulatory properties confer protection
SYSTEMIC INFLAMMATION AND not only from inflammation-driven multiple organ damage but

Iso from inflammation-driven reductions of renal klotho that
OXIDATIVE STRESS-MEDIATED :

accelerate CKD progression.
MULTI-ORGAN DAMAGE ADAM17-mediated release of TNFa to the circulation is
a main determinant of the degree of systemic inflammation

C‘alcit'riol is a Well-recognized immunomod'ulator. A' normal .14 renal and cardiovascular damage. In fact, a polymorphism
vitamin D status is essential for adequate function of the immune ¢ ADAMI7 that results in a mild increase in TNFa release

system to ensure protection from bacterial and viral infections,
minimize progression of autoimmune disorders, and avoid
excessive inflammation (102). The benefits of normal vitamin D
on innate and acquired immunity involve multiple mechanisms
including decreasing the antigenicity of antigen presenting

is associated with a higher degree of cardiovascular mortality
in individuals with normal renal function (105). Furthermore,
specific deletion of ADAM17 in myeloid cells markedly reduces
mortality rates in a rat model of LPS-induced sepsis (106).

In CKD patients, circulating mononuclear cells express
cells, downregulating the production of pro-fibrotic and pro- higher levels of ADAM17 and higher serum levels of TNFa,
inflammatory Thl cytokines, and enhancing the production of  yhich can be reduced by combined vitamin D and calcitriol
anti-inflammatory Th2 cytokines. Calcitriol/ VDR acts on T cells (analog) administration (107). These circulating mononuclear
to shift their polarization toward a Th2/regulatory phenotype  .ojls from hemodialysis patients also have a 40% reduced
and stimulates T regulatory lymphocyte development (1, 102).  capacity for 25(OH)D uptake, which mimics impaired 25(OH)D
Calcitriol inhibition of Skp2 expression is a key mechanism for  yptake in renal proximal tubular cells with advancing CKD.
the maintenance of T regs (103) and may be critical at avoiding  Interestingly, even when mononuclear cells do not express
the blockage on autophagic flow driven by the cell invasion  megalin, the defective uptake was corrected with calcitriol
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administration (108), further supporting the use of combined
25(OH)D and calcitriol (analogs) as discussed with hyperplastic
parathyroid cells.

In the vasculature, calcitriol suppression of the
ADAM17/TNFa loop should decrease TNFa-induction of
vascular neutral sphyngomyelinase 2 that drives the release
of pro-calcifying exosomes propagating—calcium deposition
(109). Moreover, calcitriol induction of miR145 is critical
for vascular health, as this is the prevalent miR in vascular
smooth muscle cells and the master regulator of their contractile
phenotype (110). Reductions in miR145 are associated with
vascular diseases and calcification (111). Importantly, decreases
in miR145 increase ADAMI17 gene expression (112), thus
initiating the ADAM17-TNFa loop for vascular injury. It is
unclear at present whether monocyte expression of ADAM17,
TNFa and neutral sphingomyelinase 2 reflect their vascular
levels. Therefore, the assessment of the benefits of vitamin
D/calcitriol interventions on vascular health in the course of
CKD is limited to less sensitive markers of changes in vascular
function, such as pulse wave velocity or Kauppila index. Finally,
as indicated earlier, the induction of ADAM17 by increased
angiotensin II provides a causal link between hypertension
and inflammation. Importantly, as described below, a novel
causal link between inflammation driving hypertension has been
identified recently.

INFLAMMATION-INDUCED RENIN-DRIVEN
HYPERTENSION

Hypertension and inflammation are interrelated processes.
In mice, while the absence of monocyte lineage prevents
angiotensin II-driven hypertension (113), the overactivation
of the renin-angiotensin system results in renal and
vascular accumulation of proinflammatory macrophages
resulting in increased oxidative stress and its associated
tissue damage. In the vasculature, hypertension-induced
macrophage infiltration drives nitric oxide scavenging causing
reductions in renal blood flow (114), which in turn induce
renin secretion by juxtaglomerular cells (114). However,
until recently, there was no evidence for immune -cell-
induced hypertension or its modulation by vitamin D. The
pioneer work by Oh and collaborators has demonstrated that
increases in ER stress in response to vitamin D deficiency
are sufficient to cause renin dependent hypertension
through the secretion of micro-RNA 106b-5p that enables
a direct communication between innate immune cells and
juxtaglomerular cells (115). Importantly, the miR106b-
5p link between inflammatory immune cells and renin
secretion by juxtaglomerular cells can be prevented by the
calcitriol/ VDR complex.

In summary, as depicted in Figure 4, the integrity of the
vitamin D endocrine system protects from CKD progression
through direct inhibition of renal klotho reductions, systemic
inflammation, and hypertension. Maintenance of renal klotho
ensures the reduction of the pro-aging actions of phosphate

miR106b-5p

=

Hypertension |/ CKD |

I RENAL KLOTHO REDUCTIONS

! ]

CKD Progression

:

Cardiovascular Mortality

Inflammation

1

FIGURE 4 | Integration of non-classical vitamin D actions conferring
renoprotection. Vitamin D protects against CKD progression through direct
inhibition of systemic inflammation, hypertension and renal klotho reductions;
indirect attenuation of the reductions in renal klotho content through the
control of its most potent downregulators, systemic inflammation and
hypertension; inhibition of the release of miR106b-5p by pro-inflammatory
monocyte-macrophages, a novel link between inflammation with
renin-dependent hypertension.

retention, as well as the longevity properties of klotho-
mediated induction of renal autophagic flow. However,
circulating soluble klotho is not an accurate marker of renal
klotho reductions.

Vitamin D-mediated suppression of hypertension has a
dual impact on CKD progression by reducing angiotensin
II-driven renal damage and attenuating the reductions in renal
klotho. The former is achieved through the maintenance of
an adequate balance between pro-hypertensive (Renin and
ADAM17) and anti-hypertensive signals (ACE2). Increases in
circulating ACE2 levels provide an accurate measurement
of increased ADAMI17 activity and the cardiovascular
risk associated to reductions in ACE2 expression at the
cell membrane in CKD, which may be corrected with
calcitriol (analog) therapy. Finally, calcitriol reduction of
miR106b-5p release to the circulation by pro-inflammatory
monocyte-macrophages provides the first causal link between
macrophage ER stress activation and the induction of
renin-dependent hypertension.

At this time, the optimal supplementation strategy to
ensure the desired outcome is not known. This is due to
a tremendous variability among individuals in their capacity
non only for local calcitriol production, but also for the
local bioactivation of vitamin D to 25(OH)D in tissues
bearing 25-hydroxylases. To overcome these limitations, it is
mandatory to examine whether miR106b, circulating ACE2,
angiotensin II, or angiotensin 1-7 levels can better reflect
the benefits of vitamin D/calcitriol (analog) interventions and
serve as biomarkers to optimize the reno-protective effects
of vitamin D therapy in CKD compared to circulating
25(OH)D levels.
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Sodium-Glucose Cotransporter 2 inhibitors (SGLT2i), or dliflozins, are a group of
antidiabetic drugs that have shown improvement in renal and cardiovascular outcomes
in patients with kidney disease, with and without diabetes. In this review, we will
describe the different proposed mechanisms of action of SGLT2i. Gliflozins inhibit renal
glucose reabsorption by blocking the SGLT2 cotransporters in the proximal tubules
and causing glucosuria. This reduces glycemia and lowers HbAi; by ~1.0%. The
accompanying sodium excretion reverts the tubuloglomerular feedback and reduces
intraglomerular pressure, which is central to the nephroprotective effects of SGLT2i.
The caloric loss reduces weight, increases insulin sensitivity, lipid metabolism, and
likely reduces lipotoxicity. Metabolism shifts toward gluconeogenesis and ketogenesis,
thought to be protective for the heart and kidneys. Additionally, there is evidence of a
reduction in tubular cell glucotoxicity through reduced mitochondrial dysfunction and
inflammation. SGLT2i likely reduce kidney hypoxia by reducing tubular energy and
oxygen demand. SGLT2i improve blood pressure through a negative sodium and water
balance and possibly by inhibiting the sympathetic nervous system. These changes
contribute to the improvement of cardiovascular function and are thought to be central
in the cardiovascular benefits of SGLT2i. Gliflozins also reduce hepcidin levels, improving
erythropoiesis and anemia. Finally, other possible mechanisms include a reduction in
inflammatory markers, fibrosis, podocyte injury, and other related mechanisms. SGLT2i
have shown significant and highly consistent benefits in renal and cardiovascular
protection. The complexity and interconnectedness of the primary and secondary
mechanisms of action make them a most interesting and exciting pharmacologic group.

Keywords: SGLT2 inhibitors, gliflozins, kidney disease, heart failure, diabetes

INTRODUCTION

Sodium Glucose Cotransporter 2 inhibitors (SGLT2i), also known as gliflozins, are an exciting and
highly interesting group of “relatively new drugs” that have shown consistent positive results in
renal and cardiovascular protection. They inhibit the action of the Sodium Glucose Cotransporter
2 (SGLT2) in the kidney and cause glucosuria. Initially, they were thought of and developed as
glucose lowering therapies, yet large clinical trials in a very short time have demonstrated clinical
benefits that far exceeded what was expected. In this short review we describe the physiologic effects
of SGLT?2 inhibitors and discuss the clinical benefits demonstrated to date.
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PHYSIOLOGY OF SGLT2
COTRANSPORTERS AND RENAL
GLUCOSE HANDLING

SGLT?2 cotransporters are part of a large family of symporters
responsible for facilitated transport of different solutes, aided by
a positive sodium gradient (1, 2). There are two main sodium-
glucose cotransporters in the body: SGLT1 and SGLT2. SGLT2
cotransporters are almost exclusively found in renal tissue,
whereas SGLT1 are mostly found in the small intestine, heart,
and skeletal muscle, aside from the kidney (Table 1) (3-5). In
the kidneys, SGLT2 and SGLT1 handle sodium and glucose
reabsorption in the proximal tubules of the nephron. Their
physiological function is to reabsorb 100% of filtered glucose,
avoiding energy loss through glucosuria. SGLT2 cotransporters
are found in the brush border of the renal tubular cells in the
first segments of the proximal tubules (SI1 and S2). They have
a high transport capacity but low affinity for glucose and are
responsible for the reabsorption of 90 to 97% of filtered glucose.
The remaining 3-10% of filtered glucose is absorbed by the
high-affinity, low-capacity, SGLT1 cotransporter, present in the
S3 segment of the proximal tubule. Glucose exits these tubular
cells back into the circulation through the GLUT2 (for cells with
SGLT2) and GLUT1 (for cells with SGLT1) transporters in the
basoletaral membrane. This unidirectional transport of glucose
and sodium is coupled to, and maintained by, the Na-K-ATPase
pump in the basolateral membrane.

The coupled work between the high-capacity/low-affinity
SGLT2 and low-capacity/high-affinity SGLT1 cotransporters
handles the full load of filtered glucose. This way, in a
normal physiological setting, glucose reabsorption by the
proximal tubules is adjusted to the variations in serum
glucose concentrations. Total glucose reabsorption is directly
proportional to the amount of filtered glucose. This reabsorption
capacity has a natural limit (Tmaxg) that is reached when
filtered glucose approximates 350 mg/min/1.73 m?, equivalent
to between 180 and 200 mg/dL of glycemia. Glucosuria
develops when hyperglycemia exceeds this Tmaxg. In chronic
hyperglycemia of diabetes, the kidney shifts the Tmaxg to higher
glucose levels, around 240 mg/dL (6). The proximal tubules
increase the number of SGLT2 cotransporters to make up for
the increase in luminal glucose flow (7). This increase in SGLT2
cotransporters comes at a cost of energy expenditure through
the basolateral Na-K-ATPase, and is thought to be central to the
pathophysiology of diabetic kidney disease (8).

SGLT2 COTRANSPORTER INHIBITORS
MECHANISMS OF ACTION

The first SGLT2 inhibitor was named phlorizin, a naturally
occurring phenolic glycoside derived from the root bark of the
apple tree (9). It was first isolated in the 19th century and was
originally thought to have antipyretic properties. Further analysis
found that phlorizin causes glucosuria and it was thought to
cause a diabetes-like state when administered to dogs, due to the
presence of glucosuria, polyuria and weight loss.

With the characterization of renal glucose reabsorption in
the proximal tubule in the 1960, the cloning of the SGLT2
cotransporter in the 1990’ (10), and further understanding of
renal handling of glucose and the pharmacological effects of
phlorizin, inhibition of renal glucose reabsorption was studied
as a target for diabetes control. Preclinical studies in the 1980’
showed that phlorizin improved insulin sensitivity in diabetic rat
models without affecting insulin action in control rats (11).

Phlorizin has no oral bioavailability, so it can only be
administered intravenously. The first orally available SGLT2
inhibitor, T-1095, was developed in the 1990%. It showed
some improvement in HbAlc, reduction of microalbuminuria,
and weight loss in rats (12, 13). Unfortunately, T-1095 was
not selective to SGLT2 and its action on intestinal SGLT1
caused significant gastrointestinal adverse effects and intolerance.
Following T-1095, at least seven different orally available SGLT2
inhibitors have been developed (2), three of which have been
approved for use by the FDA: dapagliflozin, empagliflozin, and
canagliflozin. The three of them are highly selective for SGLT2
inhibition over SGLT1.

Several clinical trials with empagliflozin (14-17), canagliflozin
(18, 19), and dapagliflozin (20-22) in the past few years have
demonstrated impressive benefits from SGLT2 inhibition
in high-cardiovascular-risk patients. They have shown
significant reduction of cardiovascular and all-cause mortality,
hospitalizations for heart failure, adverse cardiovascular events,
and progression of albuminuria, when added to standard
therapy in diabetic and non-diabetic kidney disease. Particularly
interesting is the fact that the use of SGLT2 has proven beneficial
for kidney disease and heart failure despite the absence of
diabetes as a central pathology. Understanding the direct
and indirect physiological mechanisms and effects of SGLT2
inhibition is crucial to clarify why they offer a diversity of
clinical benefits.

Direct Physiological Effects of SGLT2
Inhibition
Glucosuria: Improvement in Glucose Control
Inhibition of SGLT2 cotransporter causes glucosuria. By
inhibiting the SGLT2 cotransporter, gliflozins avoid glucose
reabsorption in the SI1 and S2 segments of the proximal
tubule. This causes a reduction in Tmaxg to around 40-
80 mg/dL (6) and a reduction in the renal threshold for
glucosuria. To avoid significant energy loss through glucosuria,
SLGT1 cotransporters compensate by increasing reabsorption
to ~40% (23). A preclinical study in rats demonstrated this
by showing that double SGTL1/SGLT2-knockout mice have
significantly higher glucosuria than single SGLT2-knockout mice
(24). Furthermore, glucose control from SGLT?2 inhibition is not
significantly associated with a higher risk of hypoglycemia (25).
Glucose control improvement is reflected by a reduction in
HbA . of ~0.5-1% (14, 18, 19, 25, 26). This leads to an increased
sensitivity to insulin and enhanced beta-cell function (27-30),
and is of relevance in the role of SGLT2 inhibition in diabetes
control. All the main clinical trials on SGLT2 inhibitors (14—
16, 18-22) have demonstrated a consistent benefit in glucose
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TABLE 1 | Main differences between SGLT2 and SGLT1 cotransporters.

SGLT2 SGLT1

Gene SCL5A2 (16p11.2) SLC5AT (22p13.1)

Tissue Kidney* (To a lower extent: brain, liver, Small intestine*, heart, skeletal muscle, trachea,
thyroid, pancreas, skeletal muscle). kidney, brain, testicles and prostate.

Selectivity Glucose Glucose, galactose

Capacity/affinity for glucose transport High/Low Low/High

Na:Glucose transport stoichiometry 1:1 2:1

Physiological function

Percentage of renal glucose reabsorption 90-97%

Reabsorption of renal filtered glucose

Intestinal absorption of glucose and galactose;
reabsorption of renal filtered glucose

3-10% (up to 40% with SGLT2 inhibition)

"Main location.
Adapted from references (3-5).

control. The benefit is evident even when added to standard
therapy (31).

Natriuresis: Improvement in Blood Pressure and
Reversal of Tubuloglomerular Feedback Stimulation
Together with glucosuria, SGLT2 inhibition causes natriuresis
that is associated with a negative salt and water balance (32).
This reduction in plasma volume is evidenced by a drop in blood
pressure of 3-6 mmHg in systolic and 1-1.5 mmHg in diastolic
(18, 19) blood pressures.

Increased natriuresis and sodium delivery to the distal
nephron is central for renal protection, as it normalizes the
tubuloglomerular feedback mechanism. Chronic hyperglycemia
of diabetes induces a state of increased reabsorption in
the proximal tubule by increasing the SGLT2 cotransporter
expression [and the Tmaxg (6)]. This increased glucose and
sodium reabsorption reduces the delivery of sodium to the
juxtaglomerular apparatus, stimulating the tubuloglomerular
feedback, which in turn causes dilation of the afferent arteriole
trying to “normalize” distal sodium delivery. Dilation of
the afferent arteriole increases intraglomerular pressure and
causes hyperfiltration, characteristic of diabetic kidney disease.
SGLT2 inhibition reverses this feedback loop by increasing
sodium delivery to the juxtaglomerular apparatus, inhibiting
the tubuloglomerular feedback and causing constriction of
the afferent arteriole (6, 33). The result is a reduction in
intraglomerular pressure and improvement of hyperfiltration,
that is reflected as an initial drop of glomerular filtration rate
(GFR). This drop in GFR is reversible when SGLT2 inhibition
is discontinued and is a response to hemodynamic changes.
Although this initial GFR drop associated to SGLT2 inhibition
may seem significant, its magnitude is limited in most clinical
instances to 2-4 ml/min. Studies with long term follow up show
that it is not continuous and is significantly less than the eGFR
decline observed in the placebo groups.

Secondary Effects of SGLT2 Inhibition
Improvement in Albuminuria

Clinical trials on diabetic and non-diabetic patients with
chronic kidney disease (CKD) (22, 34) have demonstrated that
SGLT2 inhibitors reduce albuminuria significantly. This effect

is independent and additive to the effect of RAAS blockade
(15). The improvement in albuminuria is multifactorial, related
to the vasoconstriction of the afferent arteriole, the subsequent
reduction in intraglomerular pressure and hyperfiltration, as well
as the improvement in systemic blood pressure.

Some studies have also suggested that podocytes benefit
from SGLT2 inhibition, as they have SGLT2 cotransporters,
and the use of dapagliflozin or empagliflozin reduces podocyte
dysfunction and effacement (35, 36) through normalization in
insulin sensitivity and improvement in glucotoxicity. This would
lead to an improvement in albuminuria (37).

Weight Loss and Lipid Metabolism Shift
The use of SGLT2 inhibitors induces weight loss of between
2 and 4kg after 6-12 months of treatment (25, 26, 29, 38-
41). Initial weight loss is related to volume contraction and
subsequently secondary to caloric wasting through glucosuria.
ADA guidelines actually recommend SGLT2 inhibitors as initial
antidiabetic therapy when weight loss is desired as part of the
treatment (42).

SGLT2 inhibition and the subsequent glucosuria induces
a state of relative glucose “deprivation,” shifting energetic
substrate use to lipids. This reduces cellular lipotoxicity and
improves oxidative stress. This also favors an increase in ketone
production, which appear to be a better energetic substrate for
renal and myocardial cells.

Improvement in Proximal Tubular Work and Oxygen
Consumption

As described previously, hyperglycemia of diabetes induces
a state of glucose and sodium hyperreabsorption in the
proximal tubule, activates tubuloglomerular feedback and causes
hyperfiltration. This positive feedback loop increases cellular
work due to increased Na-K-ATPase activity and induces
proximal tubular hypertrophy. Aside from this, increased
intracellular glucose in proximal tubular cells is diverted to non-
glycolytic pathways increasing advanced glycation end-products,
affecting mitochondrial activity, and increasing oxidative stress.
Inhibition of the tubuloglomerular feedback, hyperfiltration and
increased glucose reabsorption reduces energy expenditure and
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oxygen consumption in proximal cells (8). Reducing serum and
intracellular glucose levels, reduces cellular glucotoxicity.

Improved Oxygen Delivery and Anemia

The improvement in proximal tubular cell work and reduction
in energy expenditure described above, reduces oxygen demand
and increases cortical oxygen tension (8, 43). Subsequent
delivery of glucose to the latter part of the proximal tubule
is reabsorbed by the SGLT1 cotransporters and increases
energy expenditure and oxygen consumption in the renal
outer medulla (44-46). The decrease in oxygen availability
stimulates hypoxia-inducible factors HIF1 and HIF2 (47) and
enhance the release of erythropoietin (48). This, together with
a mild volume contraction, increases the hemoglobin and
favors oxygen delivery to different tissues. Clinical trials have
shown improvement in hemoglobin levels in patients treated
with SGLT2i (49). Dapagliflozin appears to suppress hepcidin
and other iron-metabolism related proteins, helping improve
erythropoiesis (50).

Other Possible Effects

Gliflozins appear to reduce inflammatory markers such as IL-
6, TNE IFNy, NF-kp, TLR-4, and TGF-B (51-54). They also
appear to improve mitochondrial function (55) reduce mesangial
expansion and the number of myofibroblast in myocardial
tissue (56). Empagliflozin appears to reduce IL-p inflammatory
pathway in proximal tubular cells (57). These effects would
reduce inflammation, fibrosis, and oxidative stress in myocardial
and renal tissue. Nevertheless, all these changes appear to
be secondary to the metabolic and hemodynamic effects of
SGLT2 inhibition.

Adverse Effects Associated to SGLT2
Inhibition

The use of SGLT2 inhibitors is associated with adverse events
that are rare and generally mild, yet should be considered.
Volume contraction and osmotic diuresis are direct effects of
their mechanism of action and may infrequently present of a
magnitude of significance when the drug is initiated in geriatric
patients and in those on diuretics. In some clinical trials, a
particularly relevant yet infrequent, adverse effect described was
euglycemic diabetic ketoacidosis, yet this was not present in
CREDENCE and DAPA-CKD. Finally, genital mycotic infections
are up to four times more frequent in patients using SGLT2
inhibitors. They are generally mild and easily treatable. Patients
should be counseled to monitor signs and symptoms and to
maintain adequate genital hygiene. Other adverse events such
as bone fractures and amputations appeared to be associated to
SGLT?2 inhibition in the CANVAS trial, but they have not been
replicated in other studies.

CLINICAL BENEFITS OF SGLT2 INHIBITION

Several clinical trials have demonstrated important
cardiovascular and renal benefits of SGLT2 inhibition. The
EMPA-REG OUTCOME (14) trial was the first study to

demonstrate this in a large scale. Published in 2015, this double-
blind, multicenter, clinical trial was aimed at demonstrating
cardiovascular safety of empagliflozin when added to standard
therapy in high cardiovascular risk diabetic patients with an
estimated glomerular filtration rate (eGFR) >30 ml/min/1.73
m?2. After a 3 year follow up, empagliflozin not only proved to be
safe, but improved major cardiovascular events (cardiovascular
death, myocardial infarction, or stroke) by 14%, reduced
all-cause mortality by 32%, cardiovascular death by 37%, and
hospitalization due to heart failure by 35%. A subsequent analysis
of secondary outcomes (15) confirmed that empagliflozin
reduced incident or worsening diabetic nephropathy by 39%.
Baseline eGFR declined in subjects on both the placebo and
empagliflozin arms, yet this decline in eGFR stabilized after a
few weeks in the empagliflozin group and was reverted after
empagliflozin was discontinued, showing that the change in
eGFR is not related to kidney injury but to hemodynamic
changes induced by the drug itself. These results were notable
considering that renal outcomes were not the primary outcome
of the trial and 80% of subjects were already under RAAS
blockade as standard therapy for diabetic kidney disease.

Similarly, the CANVAS (18) trial, in 2017, demonstrated that
canagliflozin added to standard therapy in high cardiovascular
risk patients reduced mayor cardiovascular events by 14%,
cardiovascular death by 13%, myocardial infarction and stroke
by 14 and 10% respectively, and hospitalization for heart failure
by 33%. Subjects on canagliflozin had a 40% lower risk of
adverse renal outcomes (renal function decline, dialysis initiation
or death from a renal cause), 27% lower risk of worsening
albuminuria and a 1.7 higher likelihood of improvement
in albuminuria.

In 2019, the DECLARE-TIMI 58 (20) trial, which included
over 17,000 patients followed for 4.2 years, showed that
dapagliflozin reduced the risk of hospitalization for heart failure
by 27% and of adverse renal outcomes by 27%. The large
population of diabetic patients included in this trial represents
the widest range of renal function in any of the cardiovascular
outcome studies.

An interesting meta-analysis (58) of these trials show that
SGLT2 inhibitors significantly reduced the risk of kidney
failure by 29%, end-stage kidney disease by 32% and acute
kidney injury by 25%. These benefits were consistent across
the different subgroups of GFR and albuminuria. Altogether,
these studies demonstrate cardiovascular and renal benefit
from SGLT2 inhibition in patients with diabetes and high
cardiovascular risk, with and without established diabetic
nephropathy. Another meta-analysis (59) of the EMPA-
REG OUTCOME, CANVAS and DECLARE-TIMI 58 trials
stratified the subjects (n = 34,322) according to eGFR and
demonstrated that SGLT2 inhibitors had a better effect in
reducing adverse renal outcomes (worsening renal function,
ESKD or death from renal cause) when eGFR is between 30 and
60 ml/min/1.73 m?.

The CREDENCE (19) trial, published in 2019, was the first
designed to focus on a composite renal outcome that included
end stage kidney disease (ESKD) (dialysis requirement, kidney
transplantation or eGFR of <15 ml/min/1.73 m?), doubling of
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serum creatinine or renal or cardiovascular death. Similar to
CANVAS and EMPA-REG OUTCOME, subjects were diabetic,
yet patients in this study had eGFR between 30 and 90 ml/min;
60% of which had to have an eGFR between 30 and 60 ml/min,
and all subjects had urinary albumin-creatinine ratio (UACR)
between 300 and 5,000 mg/g and optimal renin angiotensin
system (RAAS) inhibition. Canagliflozin was associated with
a significantly lower risk of adverse renal and cardiovascular
outcomes, and the results were so evident and encouraging that,
after interim analysis, the trial was stopped prematurely after 2.6
years of follow-up, displaying a reduction of 34% of the primary
composite outcome in the canagliflozin group. A secondary
analysis (60) of patients in the CREDENCE trial demonstrated
that subjects receiving canagliflozin had a lower risk of renal
and cardiovascular outcomes even when starting treatment with
eGFR between 30 and <45 ml/min/1.73 m?.

In 2020, the DAPA-CKD (22) study was published. It included
over 4,000 CKD patients, comprised 68% by diabetics and 32% by
patients with CKD not related to diabetes, with an eGFR of 25—
75 ml/min/1.73 m? and UACR of 200-5,000 mg/g, treated with
dapagliflozin or placebo. The study, as CREDENCE, was stopped
prematurely due to the clear benefit offered by dapagliflozin in
both diabetic and non-diabetic patients with CKD. The primary
renal outcome (sustained reduction of at least 50% of eGFR,
ESKD or renal or cardiovascular death) was significantly lower
(HR: 0.61; 95% CI: 0.51-0.72; p < 0.001) in dapagliflozin treated
patients. Benefits were also independent of the baseline presence
of cardiovascular disease (61). A prespecified subanalysis (62)
of subjects with eGFR <30 ml/min/1.73 m? showed that
dapagliflozin is safe and effective even in this lower eGFR
levels. Similarly, the subgroup of patients with IgA nephropathy
(63) treated with dapagliflozin had a lower risk of kidney
disease progression, with similar safety profiles when compared
to placebo.

There have been important studies to explore of the effects
of SGLT2 inhibition on patients with high cardiovascular
risk, with or without kidney disease and independently
of the presence of diabetes. The DAPA-HF (21) and the
EMPEROR-reduced (16) trials demonstrated that the use of
either dapagliflozin or empagliflozin reduces cardiovascular
death and worsening of heart failure in patients with heart
failure and reduced ejection fraction, regardless of the
presence or not of diabetes. More recently the EMPEROR-
preserved (17) trial also demonstrated similar benefits from
empagliflozin in patients with heart failure and preserved
ejection fraction.
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According to studies undertaken over the past 40 years, low birthweight (LBW) is not
only a significant predictor of perinatal death and morbidity, but also increases the risk
of chronic non-communicable diseases (NCDs) in adulthood. The purpose of this paper
is to summarize the research on LBW as a risk factor for NCDs in adults. The Barker
hypothesis was based on the finding that adults with an LBW or an unhealthy intrauterine
environment, as well as a rapid catch-up, die due to NCDs. Over the last few decades,
terminology such as thrifty genes, fetal programming, developmental origins of health
and disease (DOHaD), and epigenetic factors have been coined. The most common
NCDs include cardiovascular disease, diabetes mellitus type 2 (DMT2), hypertension
(HT), dyslipidemia, proteinuria, and chronic kidney disease (CKD). Studies in mothers
who experienced famine and those that solely reported birth weight as a risk factor for
mortality support the concept. Although the etiology of NCD is unknown, Barry Brenner
explained the notion of a low glomerular number (nGlom) in LBW children, followed by
the progression to hyperfiltration as the physiopathologic etiology of HT and CKD in
adults based on Guyton’s renal physiology work. Autopsies of several ethnic groups
have revealed anatomopathologic evidence in fetuses and adult kidneys. Because of
the renal reserve, demonstrating renal function in proportion to renal volume in vivo is
more difficult in adults. The greatest impact of these theories can be seen in pediatrics
and obstetrics practice.

Keywords: LBW (low birth weight), non-communicable diseases (NCDs) and risk factors, Barker hypothesis, CKD
(chronic kidney disease), glomerular number

INTRODUCTION

Low weight and height newborns (NBs) (either preterm or with intrauterine growth restriction)
are currently considered a public health issue. Every year, 1.1 million NBs die as a result of preterm
delivery problems (1). Low birthweight (LBW) is not only a significant predictor of perinatal
mortality and morbidity, but also raises the risk of chronic non-communicable diseases (NCDs),
such as diabetes and cardiovascular disease, occurring in adulthood, according to studies conducted
over the last 40 years (2).

LBW was identified as a future risk factor for NCDs in adults by David Barker (June
1938- August 2013), an English epidemiologist (3). To do so, he looked at the most
common causes of death and their link to birthweight in a sample of 5,543 men born
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in Hertfordshire, England between 1911 and 1930, a population
that transitioned from famine to being a pillar of industrial
growth. Years later, based on studies in a Norwegian cohort
population (4), he claimed that “children who develop coronary
heart disease and type 2 diabetes grow slowly throughout fetal
life and infancy but rapidly increase their body mass indices
afterward.” Therefore, the risk factor for NCD mortality is
generated not only during pregnancy, but also during the first
years of life in relation to a child’s nutrition, his/her environment,
and associated epigenetic factors (5).

The concept of the “thrift gene” emerges for fetuses that have
not been fed throughout pregnancy, as well as the hypothesis
of biological plasticity: not only the genotype, but also the
environment in which a life develops, is crucial. As a result, the
term “fetal programming” was coined (6).

The origin of diseases associated with lifestyle is determined
at the time of fertilization, passing through the stages of embryo,
fetus, NB, and the first years of life, which implies the importance
of the mother’s health during pregnancy, according to the theory
of the developmental origin of health and disease (DOHaD).
Nutritional variables, as mentioned by Barker, can affect the
mother’s and child’s health, but other factors, such as ambient air
pollution (7), infectious diseases, stress, and toxins can also have
an impact (8).

Barker’s idea is thus a philosophical vision with substantial
epidemiological foundations. It is framed in evolutionary
theories, relating them to those of the French biologist
Jean- Baptiste Lamark (1744-1829), who proposed that human
plasticity, like that of all living beings, is influenced by epigenetic
variables, as well as Darwin’s natural selection rules (9).

ADULTS WITH LBW DIE FROM A VARIETY
OF CAUSES AND PREVIOUSLY
COMPARED TO NORMAL BIRTHWEIGHT
INFANTS

The so-called Barker hypothesis has been established in a number
of closed communities over the last 40 years with regard to
NCD mortality. The requirement for obtaining this proof is
birthweight records, which, according to the WHO, are not
documented in even 10% of all children born. In general, this
project relates to industrialized countries, where the frequency
of this condition is decreasing, highlighting the necessity of
such registries in undeveloped nations where the prevalence is
higher (10). Norwegian studies, for example, are very strong
and based on the Norwegian Medical Birth Registry, which
has been recording birthweights across the country since 1967,
and the Norwegian Patient Registry, which has been recording
diagnostic codes for all admissions and office visits since 2008
(11). Researchers are now looking for alternative data sources,
such as records from indigenous communities in Australia, which
have been kept since 1956 by a Catholic mission (12).
Cardiovascular etiology, arterial hypertension, diabetes
mellitus, cardiometabolic syndrome (13), and stroke were among
the causes of death documented in these adult populations (14).

Wendy Hoy et al. added respiratory and infectious causes of
mortality in a small cohort of aboriginal adults in Australia (12).

Some characteristics of these studies can be summarized
as follows: (a) In most articles, the deaths of LBW children
are compared to the mortality of normal birthweight children
in some cross-sectional studies. There are no control groups
available. (b) The questions that arise are how old or how long
it takes for LBW children to develop NCDs, as well as whether
there are any other epigenetic variables in their lives that we
can prevent. (c) Another factor to consider is that, because these
studies were conducted on small, closed populations and life
expectancy is anticipated for a given country, life expectancy for
the years in which individuals were born was not included as a
variable to be considered.

NCD IN ADULTS BORN WITH LBW

Two large groups studies are identified.

a.) Population studies related to intrauterine hunger: The most
well-known studies are those from the Netherlands (the
Dutch famine) (15), Biafra (16), Austria (17), China (18),
and Nigeria (19), which generally associate intrauterine
hunger with the development of cardiometabolic syndrome
in adulthood, in some cases showing that the risk factor
(intrauterine hunger) was independent of the children’s birth
weight (20).

b.) Population studies in which factors other than birthweight are
not taken into account.

Premature delivery, low birthweight, and being small
for one’s gestational age have all been linked to NCD in
adulthood, according to a meta-analysis published recently. The
following NCDs were included in the selection criteria for the
systematic review stage: obesity, being overweight, adipose tissue,
diabetes, insulin resistance, hyperglycemia, glucose intolerance,
and metabolic syndrome. Of 8,580 articles, 28 met the
inclusion criteria with sufficient data and were retrospective and
prospective. Seventy-five percent included both sexes, while the
others only contained men (12.5%) or women (12.5%) (21).

Another meta-analysis contains studies in which children
were categorized based on their birthweight, which ranged from
<2 to 4.5kg; they have a higher risk of developing type 2 DBT,
cardiovascular disease, and HT as their weight declines. They
found that women are more likely to develop HT, and that the
development of HT follows a J-shaped pattern (it is observed in
LBW and children with high birthweight) (22).

The 1966 Northern Finland Birth Cohort examined the
association between birthweight and blood pressure at 31 years
old, and revealed that birthweight was inversely related to blood
pressure, notably in men (23). A 1986 study of the Northern
Finnish birth cohort found a similar rise in systolic blood
pressure at age 16, particularly among girls (24).

In the Chinese population, through the Shanghai Women’s
Health Study (SWHS) and the Shanghai Men’s Health Study
(SMHS), which recruited more than 100,000 people, it was shown
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that LBW is an important risk factor for the development of
obesity, diabetes, and hypertension in adulthood (25).

More than 150,000 women were enrolled in the Nurses’ Health
Study II (NHS II), which demonstrated that women with LBW
have a higher risk of hypertension (26). The Bogalusa heart
study also found that low birthweight is linked to systolic blood
pressure fluctuation (27).

The limitations of these studies were: a) the researchers
obtained significant results after adjusting for body size; b)
various lifestyle factors—such as physical activity, smoking
status, alcohol intake, family history, and socioeconomic status—
were not considered in the evaluation of these relationships.
Furthermore, in all populations around the world, females and
males have different birthweights, so the association between
birthweight and adult disease must be assessed separately for
females and males (28).

POSSIBLE CAUSES FOR THE
APPEARANCE OF NCDs IN ADULTS

On the one hand, the paradigmatic shift that Barker’s concept
entailed aimed to determine the causes of death, while on the
other hand, the mechanisms by which epigenetic variables could
increase the risk of HT, DMT2, and obesity in adults. The
following can be mentioned:

1. Hormonal effects of the hypothalamic-pituitary axis,
glucocorticoids, and growth hormone (29) act on the
cardiovascular system or predispose patients to the
development of obesity (8).

2. Epigenetics indicates something that we do not have
in our genes, but which we can still pass on to our
children. Epigenetics deals with changes in gene expression
not resulting directly from mutations of DNA sequences,
which lead to the formation of inherited traits both
intra-generationally and inter-generationally. (30). Altered
ketogenesis could be involved in the pathogenesis of DOHaD
(31) through post-translational modification (32).

3. Studies  that  compare and  contrast  genetic
and epigenetic effects. Mendelian randomization appears to
be a new tool used in studies. The Nord-Trondelag Health
(HUNT) Study is a population study that began in 1984
and involves the voluntary participation of individuals in
clinical, phenotypic, and genotypic investigations (33, 34).
There are Australian-Norwegian-British studies that caution
about the interpretation of results deriving from Mendelian
randomization (35).

4. Number of operational units: Reduced number of nephrons.
Regarding the molecular mechanisms of nephron number
reduction, the authors should mention oxidative stress,
alterations in the renin-angiotensin system, alterations in
sodium transporters, renal sympathetic activity, and the
glucocorticoid effect.

Brenner et al. proposed in the 1980s (36) that in utero
growth restriction results in a low nephron number, which

may predispose patients to HT and kidney disease through
mechanisms such as increased single nephron glomerular
filtration, compensatory nephron hypertrophy, and decreased
functional reserve. Approximately 60% of nephrons grow during
the third trimester of pregnancy, and kidney development stops
between 35 and 36 weeks of pregnancy (37). Thus, preterm
delivery or delayed intrauterine growth may have a significant
impact on nephron formation and nephron number (38).

Based on Guyton’s basic science, physiology, and a positivist
perspective, Barry Brenner and Valerie Luyck compiled reports
on the consequences of LBW in the development of chronic
kidney disease (CKD) (39-42).

The National Institute of Nephrology, the National Referral
Center for Pathology, from Havana, Cuba, under the authorship
of Reinaldo Maalich et al. demonstrated that the number
of nephrons was decreased in dead fetuses, which was a
paradigmatic leap from Brenner’s hypothesis (43).

The lower number of nephrons would not only respond
to nutritional aspects during pregnancy, but also highlight
other causes, most of which mainly affect disadvantaged
populations: pre-eclampsia, diabetes in gestation, maternal
overweight/obesity, maternal underweight, advanced maternal
age, adolescent pregnancy, and assisted reproduction. malaria
during pregnancy, maternal chronic illness, and childhood
overweight (44).

We agree that historical pathologic kidney descriptions
identified the loss of nephrons as a cause of CKD (45). In
post-mortem studies, it has been observed that total nephron
number varies up to 13-fold (46). Wendy Hoy et al. showed
in human kidneys, from a series of multiracial autopsies, that
with age, the glomerular number decreased, and within a patient,
there was a five-fold variability in mean glomerular capacity
and significant heterogeneity in individual glomerular sizes.
Lower glomerular number, higher body size, hypertension, and
being black were all linked to larger mean glomerular volume
and increased variability of individual glomerular volume.
Glomerular enlargement, intimal thickening, and higher rates
of glomerulosclerosis were all signs of hypertension as people
became older. In whites and aborigines, but not in blacks
in the US, a lower glomerular number was associated with
hypertension (47).

Other studies were carried out by comparing the results of
biopsies from living kidney donors associated with angiograms in
the search for techniques that indicate glomerular number (48).

Imaging studies measuring renal volume were accepted to
demonstrate the glomerular number in vivo, reverting to Dinkel’s
formula (49).

The most accessible were those of ultrasound, which gave rise
to studies that entailed kidney measurements according to age
and sex in each month and year in pediatrics (50), although not
always specifying in the study sample the variables that would
refer to nutritional status, blood pressure, and proteinuria of the
healthy children (51, 52).

To determine kidney volume, magnetic resonance imaging
(MRI) investigations are more accurate. These study lines were
developed as a result of the experiences of polycystic kidney
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research organizations (53). Recently, a technique for measuring
in vivo was developed, which will once again open areas
of inquiry into the demonstration of Brenner’s theory, such
as knowing the metabolism of a fetus’ cells, despite all the
constraints (54).

Renal volume, as gauged by the number of nephrons, and
the existence of hypertension with glomerulomegaly have already
been demonstrated, but due to the kidneys’ renal reserve capacity,
it is much more difficult to link renal size or nephron mass (55)
to renal function. New study avenues were opened to explain
why renal failure or arterial hypertension were not found in
persons with a single kidney, as well as in transplant donors
with fewer nephrons. This disease would not arise in people with
single kidneys, whether transplanted or living donors, because
nephron loss must occur during a key phase (when nephrogenesis
is underway), implying that the quality of remaining nephrons is
more essential than the quantity (11).

In a recent survey, 2,663,010 people were involved, and after a
mean follow-up of 26 years (maximum 50 years), the odds ratio
(OR) for CKD was 1.72 (95% CI, 1.60 —1.90), SGA was 1.79 (95%
CI, 1.65-1.94), and preterm delivery was 1.48 (95% CI, 1.65-
1.94). Analyses that used CKD diagnosis at stages 3-5 as an end
point yielded similar results (56).

Recently, a population-based study (not a closed one) in
Australia, with a total of 4,502 individuals who reported
information about their birthweight, showed that birthweight
had a positive association with eGFR (28).

Therefore, the Low Birthweight and Nephron Number
Working Group has recommended that people with LBW be
examined and followed up with to detect kidney disease or risk
factors for renal illness at a young age (57).

IMPACT OF LBW IN PEDIATRICS AND
OBSTETRICS

Based on these convincing works, the care of mothers and
children during the first years of life has impacted political
decisions around the world (58).

Each year, an estimated 13.7 million full-term children with
LBW are born around the world, accounting for 11% of all births
in poor nations. These children account for 75% of NB mortalities
in Latin America (59).

Caroline Abitbol et al. in Miami found a link between
the appearance of proteinuria and its subsequent increase,
as measured by the protein/creatinine ratio in urine, and a
subsequent deterioration of glomerular filtration (r = 0.8, p =
0.0001) and a tendency toward obesity with a body mass index
(BMI) greater than the 85th percentile (89 percent sensitivity,
PPV: 67%, p = 0.03) in newborns under 1,000g. A subsequent
study by the same center looked at the effects of obesity and
prematurity on renal disease progression in a retrospective
cohort of these children (44 obese and 36 non-obese). When

compared to obese children born at term, patients who became
obese after being born extremely preterm had a higher risk of
impaired kidney function during childhood (hazard ratio 2.4;
95% CI: 1.1-7.1; p = 0.04) (60).

The foregoing becomes one of the main objectives in the post-
natal monitoring of this group of children, as it is to monitor
adequate weight gain during their weight-bearing growth to
avoid excess protein intake, and therefore limit secondary
hyperfiltration (61).

In a striking work done in Romania, they explored whether
patterns of catch-up growth affect metabolic and cardiovascular
outcomes in previously institutionalized adolescents. Children
who are placed for adoption have higher levels of inflammation
and HbAlc than those who remain in institutions. They
emphasize in the discussion that adoptive parents should be
informed about the potential consequences of shifting from
perinatal restricted growth and rapid weight gain in infancy, plan
a balanced diet with adequate nutrition and limiting obesogenic
foods, plan regular physical activities, and begin these preventive
measures with their children as soon as possible (62). They
do not include qualitative variables such as less stress in their
new homes.

CONCLUSIONS

The Barker hypothesis has strong connotations in the field of
epidemiology from an evolutionary and mechanistic basis. The
Brenner hypothesis is rooted in physiology and is positivistic.
Thus, the adult patient whom we receive in the office with
diabetes mellitus, obesity, HT, proteinuria, or CKD is the result
of genetic and epigenetic conditions.

Maternal risks, such as overnutrition or undernutrition and
GDM, which lead to low birthweight or high birthweight,
certainly increase the risk for obesity and hypertension later in
life as NCDs. Interventions in pre-conception or pre-pregnancy,
as healthy habits, could be extremely important to reduce risks
during pregnancy and the outcomes of childhood. Additionally,
rapid changes in the environment, such as rapid urbanization,
migration and new lifestyles, put these populations at higher
risk of developing NCDs, especially in low- and middle-
income countries.

In accordance with the DOHaD concept, adaptations
occurring after environmental alterations would be advantageous
in terms of population survival, when these alterations are
consistent over several generations. However, they must be
handled properly from a prevention and follow-up point of view.
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Hyperuricemia is a risk factor for renal impairment. However, investigations focusing
on patients with hypertension are limited and inconsistent. A single-center prospective
cohort study of 411 Han Chinese non-diabetic hypertensive patients was conducted in
Taiwan. The mean age of the participants was 62.0 £14.4 years. The baseline estimated
glomerular filtration rate and uric acid level were 86 mL/min/1.73 m? and 6.2 mg/dL,
respectively. All patients underwent serum biochemistry tests for creatinine levels every 3
months. Renal events were defined as >25% and >50% decline in estimated glomerular
filtration rate. During an average follow-up period of 4.7 4+ 2.9 years (median 4.0 years),
a >25 and >50% decline in estimated glomerular filtration rate was noted in 52 and 11
patients, respectively. The multivariate Cox regression analysis revealed that a baseline
uric acid level >8.0 mg/dL increased the risk of >25% decline (hazard ratio: 3.541; 95%
confidence interval: 1.655-7.574, P = 0.001) and >50% decline (hazard ratio: 6.995;
95% confidence interval: 1.309-37.385, P = 0.023) in estimated glomerular filtration rate.
Similarly, a baseline uric acid level >7.5 mg/dL was independently associated with >25%
decline (hazard ratio: 2.789; 95% confidence interval: 1.399-5.560, P = 0.004) and
>50% decline (hazard ratio: 6.653; 95% confidence interval: 1.395-31.737, P = 0.017).
However, this was not demonstrated at baseline uric acid level >7.0 mg/dL. Our study
suggests that hyperuricemia is an independent risk factor for the decline in renal function
in patients with hypertension. Uric acid level >7.5 mg/dL may be considered as the
optimal cutoff value for clinical practice in predicting the development of renal impairment.

Keywords: Chinese, hypertension, renal function, nephropathy, uric acid

INTRODUCTION

Hypertension is a leading cause of chronic kidney disease (CKD) (1, 2). In addition to achieving
blood pressure (BP) control, it is important to identify other possible risk factors to delay the
development and progression of CKD.

Previous epidemiological studies on the general population have indicated an independent effect
of hyperuricemia on the risk of developing CKD (3, 4). Several studies have focused on different
subpopulations, such as patients with diabetic nephropathy and IgA nephropathy (5-7). However,
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evidence regarding the relationship between uric acid (UA)
and renal outcomes in hypertensive patients is limited and
inconsistent (8, 9).

The physicochemical definition of hyperuricemia is based
on the solubility limit of UA in serum (10). On the other
hand, the statistical definition proposed by the American College
of Rheumatology is UA above the mean plus two standard
deviations for the healthy population (11). Based on the above
definition, there is no universally accepted threshold and several
cutoft values have been suggested, for example, >7.7 mg/dL in
men and >6.6 mg/dL in women, or >7.0 mg/dL in men and >6.0
mg/dL in women (10, 12).

The guidelines of the American College of Rheumatology and
the European Alliance of Associations for Rheumatology both
propose the goal of managing patients with gout. However, they
do not directly address the impact of hyperuricemia on renal
diseases and hypertensive patients (13, 14). In addition, there is
no clear UA cutoff associated with the risk of renal impairment.
Whether screening of UA levels in hypertensive patients provides
information for predicting and preventing renal diseases requires
further research.

The present study focused on non-diabetic hypertensive
patients and investigated the relationship between baseline
serum UA levels and decline in renal function. In addition,
we aimed to assess the serum UA cutoff value for predicting
CKD development.

MATERIALS AND METHODS

Participants

Han Chinese patients with hypertension were included in our
study from February 2012 to January 2021. The inclusion criteria
were as follows: patients aged >20 years; those of Han Chinese
descent; those who are official residents in Taiwan; those meeting
one of the following hypertension criteria: (a) systolic blood
pressure (SBP) >140 mmHg or diastolic blood pressure (DBP)
>90 mmHg in at least two consecutive visits within 2 months
and (b) taking one or more antihypertensive medications; those
with no medical history of severe diseases, including liver, renal,
cardiac, and pulmonary failure and carcinoma; and those without
acute disease within 2 weeks.

The exclusion criteria were as follows: the subject was
identified as a secondary hypertension patient, unable to
understand or give informed consent, and had one or more
foreign parents. Patients with severe renal disease, defined as
CKD stage 5 and end stage renal disease (ESRD), were excluded.
Patients with diabetes mellitus and those who received uric acid-
lowering agents within 3 months prior to the enrollment or
during the study period were also excluded in the present study.

The study protocol was approved by the Ethics Committee of
Taipei Veterans General Hospital. This study was conducted in
accordance with the principles of the Declaration of Helsinki.

Study Design

The study included a comprehensive evaluation of each
participant’s medical history and physical examination at the
hypertension clinic of the hospital. The patients’ office BP was

measured, and their body mass indices (BMI) were determined.
Antihypertensive drug prescriptions were recorded once they
were present. All patients were followed up every 3 months.

Office BP Measurement

According to a standardized protocol, a well-trained nurse
assessed the morning office BP using an electronic BP monitor
(Omron HEM-7121, Omron Healthcare Taiwan Co., Songshan,
Taipei, Taiwan, ROC) after the patients were instructed to sit for
10min in a quiet room. During each measurement, both SBP
and DBP were recorded. Three consecutive BP measurements
were performed in the same upper arm. Each measurement was
separated at an interval of 30 s. The average value of the last two
measurements was considered the BP reading.

Laboratory Measurements

Fasting whole blood samples of the patients were obtained by
venipuncture after a 10 min rest in a supine position in the
morning, typically between 0730 and 0900 h. The participants
were instructed to take all routine medications, as they normally
would. The blood samples were centrifuged, and the serum
was thawed for analysis. Serum levels of total cholesterol,
triglyceride, high-density lipoprotein cholesterol (HDLC), low-
density lipoprotein cholesterol (LDLC), fasting blood glucose,
creatinine, and UA were measured. Patients were further divided
into different groups according to baseline UA levels (>8.0,
7.5, or 7.0 mg/dL). Kidney function was assessed by serum
creatinine at baseline and every 3 months thereafter. The
estimated glomerular filtration rate (eGFR) was calculated using
the four-variable equation proposed by the Modification of Diet
in Renal Disease Study (15).

Renal Outcomes

Renal events during the follow-up period were defined as >25%
decline or >50% decline in eGFR, which has been used to
indicate minor or major renal dysfunction in previous studies
(16, 17).

Statistical Analysis

Statistical analysis was performed using the Statistical Package
for Social Sciences software (version 21.0, SPSS Inc., Chicago, IL,
USA). All data are expressed as the mean =+ standard deviation
or frequency (percentage). Survival analysis was assessed using
the Kaplan-Meier curve, with significance based on the log-rank
test. To assess the independent effects of UA (baseline UA >8.0,
7.5, or 7.0 mg/dL) and renal outcomes, Cox proportional hazard
regression analysis was performed. The adjusted hazard ratios
(HRs) with 95% confidence intervals (CIs) were estimated after
adjusting for potential confounding factors, including age, sex,
BM]I, office SBP, use of antihypertensive drugs, use of furosemide,
HDLC, and baseline eGFR. Statistical significance was defined as
a two-sided P < 0.05.

RESULTS

The study enrolled 411 non-diabetic hypertensive participants
in Taiwan. The mean age of the participants was 62.0 £+ 14.4
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TABLE 1 | Baseline characteristics.

TABLE 2 | Baseline characteristics according to uric acid levels (>8.0 mg/dL).

All (n = 411) All (n = 411)

Age, years 62.0 £ 14.4 Aspirin, n (%) 41 (10.0%)

Male, n (%) 221 (53.8%) Statins, n (%) 72 (17.6%)

BMI, kg/m? 26.1£39 Fibrate, n (%) 10 (2.4%)

Office SBP, mmHg 131.4 £ 16.9 Total cholesterol, 188.1 £ 31.4
mg/dL

Office DBP, mmHg 81.6+£10.4 Triglyceride, 128.8 £ 92.6
mg/dL

Office HR, bpm 70.8 £11.1 HDLC, mg/dL 49.4 £13.0

Smoking, n (%) 18 (4.4%) LDLC, mg/dL 1165+ 27.4

ACEI/ARB, n (%) 264 (64.2%) Fasting blood 98.7 £12.5
glucose, mg/dL

B-blocker, n (%) 92 (22.4%) UA, mg/dL 62+15

CCB, n (%) 301 (73.2%) Creatinine, mg/dL 09+0.2

Thiazide, n (%) 87 (21.2%) eGFR, mL/min 86.0 £ 19.4
/1.73m?

Spironolactone, n (%) 6 (1.5%) Follow-up 47+29
duration, years

Furosemide, n (%) 7 (1.7%)

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,
body mass index; CCB, calcium channel blocker; DBR, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, heart
rate; LDLC, low density lipoprotein cholesterol; SBR, systolic blood pressure; UA, uric acid.

years, and 53.8% were men. There were 4.4% of the participants
being smokers. The mean BMI was 26.1 + 3.9 kg/m?. The
mean office SBP and DBP were 131.4 + 16.9 and 81.6 £
10.4 mmHg, respectively. The baseline UA level was 6.2 £+ 1.5
mg/dL. The renal function of the participants upon enrollment
was serum creatinine level of 0.9 = 0.2 mg/dL and eGFR of
86.0 £ 19.4 mL/min/1.73 m?. The lipid profiles were as the
followings, mean total cholesterol being 188.1 4 31.4 mg/dL,
triglyceride being 128.8 %+ 92.6 mg/dL, HDLC being 49.4 +
13.0 mg/dL, and LDLC being 115.5 + 27.4 mg/dL. The use of
antihypertensive medications included angiotensin-converting
enzyme inhibitors (ACEIs)/angiotensin receptor blockers (ARBs)
(64.2%), p-blockers (22.4%), calcium channel blockers (73.2%),
and thiazide (21.2%). The use of other diuretics included
spironolactone (1.5%) and furosemide (1.7%). There were 10.0,
17.6, and 2.4% of the participants taking aspirin, statins and
fibrate, respectively (Table 1).

When compared to those with lower baseline UA levels,
patients with higher baseline UA levels were more likely to
be male, have a higher BMI, have a worse renal function,
have a lower HDLC, and use thiazide and furosemide
(Tables 2-4).

During a mean follow-up period of 4.7 & 2.9 years (median
4.0 years), a >25% and >50% decline in eGFR was noted in 52
and 11 patients, respectively. Participants with higher baseline
UA levels had higher rates of renal events than their counterparts.
A statistically significant increase in the incidence of >25%
decline in eGFR was observed if the baseline UA was >8.0 mg/dL
(P =0.004) or >7.5 mg/dL (P = 0.040). Moreover, a statistically
significant increase in the incidence of >50% decline in eGFR was

UA <8.0mg/dL  UA >8.0 mg/dL  P-value
(n = 365) (n = 46)

Age, years 61.9 +£13.9 62.5 +18.0 0.787
Male, n (%) 188 (51.5%) 33 (71.7%) 0.009
BMI, kg/m? 26.0 £ 3.8 26.8 £ 4.6 0.264
Office SBP, mmHg 131.1 £ 16.6 133.8 £ 19.3 0.370
Office DBP, mmHg 81.8 +£10.4 80.5+10.4 0.428
Office HR, bpm 711 111 68.3 +£10.6 0.093
Smoking, n (%) 14 (3.8%) 4(8.7%) 0.130
ACEI/ARB, n (%) 229 (62.7%) 35 (76.1%) 0.075
B-blocker, n (%) 82 (22.5%) 10 (21.7%) 0.911
CCB, n (%) 267 (73.2%) 34 (73.9%) 0.912
Thiazide, n (%) 70 (19.2%) 17 (37.0%) 0.005
Spironolactone, n (%) 5(1.4%) 1(2.2%) 0.512
Furosemide, n (%) 4 (1.1%) 3 (6.5%) 0.033
Aspirin, n (%) 35 (9.6%) 6 (13.0%) 0.437
Statins, n (%) 67 (18.4%) 5(10.9%) 0.206
Fibrate, n (%) 9 (2.5%) 1(2.2%) >0.999
Total cholesterol, mg/dL 188.4 + 31.8 186.4 + 28.7 0.667
Triglyceride, mg/dL 125.3 +£89.3 166.6 + 112.7 0.075
HDLC, mg/dL 50.0 + 13.4 447 +£7.2 0.008
LDLC, mg/dL 1156.7 £27.6 114.0 £ 25.7 0.681
Fasting blood glucose, 98.7 £ 12.7 98.5+10.8 0.934
mg/dL

UA, mg/dL 58+1.1 9.1+0.8 <0.001
Creatinine, mg/dL 0.8+0.2 1.0£03 <0.001
eGFR, mL/min /1.73 m? 87.3 +£18.8 76.0 £ 20.7 0.001
Follow-up duration, years 47 +29 49+28 0.557

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,
body mass index; CCB, calcium channel blocker; DBR, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, heart
rate; LDLC, low density lipoprotein cholesterol; SBF, systolic blood pressure; UA, uric acid.

observed if the baseline UA was >8.0 mg/dL (P = 0.025) or >7.5
mg/dL (P = 0.035) (Table 5).

The Kaplan-Meier survival curves and log-rank test were
used to identify the number of participants who did not develop
renal impairment during the follow-up period. The incidence of
renal events (>25% and >50% decline in eGFR) was significantly
higher in patients with a baseline UA level >8.0 mg/dL
(P = 0.033 and 0.014, respectively) (Figures 1A,B). Similarly,
the participants who presented with baseline UA >7.5 mg/dL
had more renal events (>50% decline in eGFR) (P = 0.022)
(Figures 2A,B). However, the participants who presented with
baseline UA >7.0 mg/dL during the initial visit had similar renal
events (>25% and >50% decline in eGFR) (P = 0.673 and 0.202,
respectively) (Figures 3A,B).

Multivariate Cox regression analysis revealed that a baseline
UA level >8.0 mg/dL was independently associated with a risk
of >25% decline in eGFR (HR: 3.541; 95% CI: 1.655-7.574,
P = 0.001) and a >50% decline in eGFR (HR: 6.995; 95%
CL: 1.309-37.385, P = 0.023) (Table 6). Similarly, a baseline
UA level >7.5 mg/dL was independently associated with a
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TABLE 3 | Baseline characteristics according to uric acid level (>7.5 mg/dL).

TABLE 4 | Baseline characteristics according to uric acid level (>7.0 mg/dL).

UA <7.5mg/dL  UA >7.5mg/dL  P-value UA <7.0 mg/dL UA >7.0mg/dL  P-value
(n = 335) (n =76) (n = 296) (n=115)

Age, years 62.3+13.8 60.5+17.0 0.317 Age, years 62.3 £13.6 61.1 +£16.3 0.441
Male, n (%) 163 (48.7%) 58 (76.3%) <0.001 Male, n (%) 131 (44.3%) 90 (78.3%) <0.001
BMI, kg/m? 259+ 3.8 272+4.4 0.022 BMI, kg/m? 258 £3.7 27.0+4.3 0.008
Office SBP, mmHg 131.1 £ 16.4 182.7 £ 18.9 0.481 Office SBP, mmHg 130.6 £ 16.2 133.3 £ 18.4 0.173
Office DBP, mmHg 81.8+10.2 80.8+11.3 0.465 Office DBP, mmHg 81.6 £10.2 81.6 +£10.8 0.948
Office HR, bpm 70.8 £ 10.8 70.6 £ 12.2 0.885 Office HR, bpm 70.6 +£10.6 71.2+123 0.693
Smoking, n (%) 13 (3.9%) 5 (6.6%) 0.347 Smoking, n (%) 12 (4.1%) 6 (5.2%) 0.605
ACEI/ARB, n (%) 208 (62.1%) 56 (73.7%) 0.057 ACEI/ARB, n (%) 178 (60.1%) 86 (74.8%) 0.005
B-blocker, n (%) 76 (22.7%) 16 (21.1%) 0.758 p-blocker, n (%) 64 (21.6%) 28 (24.3%) 0.552
CCB, n (%) 245 (73.1%) 56 (73.7%) 0.922 CCB, n (%) 216 (73.0%) 85 (73.9%) 0.847
Thiazide, n (%) 60 (17.9%) 27 (35.5%) 0.001 Thiazide, n (%) 45 (15.2%) 42 (36.5%) <0.001
Spironolactone, n (%) 4 (1.2%) 2 (2.6%) 0.307 Spironolactone, n (%) 4 (1.4%) 2 (1.7%) 0.674
Furosemide, n (%) 4 (1.2%) 3 (3.9%) 0.121 Furosemide, n (%) 4 (1.4%) 3(2.6%) 0.405
Aspirin, n (%) 33 (9.9%) 8(10.5%) 0.859 Aspirin, n (%) 26 (8.8%) 15 (13.0%) 0.196
Statins, n (%) 64 (19.2%) 8(10.5%) 0.074 Statins, n (%) 59 (20.0%) 13 (11.3%) 0.038
Fibrate, n (%) 8 (2.4%) 2 (2.6%) >0.999 Fibrate, n (%) 8 (2.7%) 2 (1.7%) 0.732
Total cholesterol, mg/dL 188.2+31.8 187.7 £29.6 0.881 Total cholesterol, mg/dL 186.7 £ 32.1 191.8 £29.3 0.125
Triglyceride, mg/dL 1256.0+91.8 145.7 £ 94.8 0.088 Triglyceride, mg/dL 119.1 £ 80.4 163.7 £ 11561 0.001
HDLC, mg/dL 50.5+ 135 45.0+ 8.8 0.001 HDLC, mg/dL 51.0+13.7 45.5+9.9 <0.001
LDLC, mg/dL 1161 £27.6 1171 +£26.5 0.556 LDLC, mg/dL 114.2 £28.0 118.8 £25.5 0.110
Fasting blood glucose, 985+ 125 99.3+ 125 0.649 Fasting blood glucose, 97.8+11.9 100.9 + 13.7 0.023
mg/dL mg/dL
UA, mg/dL 57+1.0 85+1.0 <0.001 UA, mg/dL 55+0.9 8.1+1.0 <0.001
Creatinine, mg/dL 0.8+0.2 1.0+£0.2 <0.001 Creatinine, mg/dL 0.8+0.2 1.0+0.2 <0.001
eGFR, mL/min /1.73 m? 87.7 £19.2 78.6 £ 18.4 <0.001 eGFR, mL/min /1.73 m? 88.4 +£19.5 79.8 £17.6 <0.001
Follow-up duration, years 47+29 47 +£2.7 0.918 Follow-up duration, years 47 +29 47+28 0.836

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,
body mass index; CCB, calcium channel blocker; DBR, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, heart
rate; LDLC, low density lipoprotein cholesterol; SBR, systolic blood pressure; UA, uric acid.

>25% decline in eGFR (HR: 2.789; 95% CI: 1.399-5.560,
P = 0.004) and >50% decline in eGFR (HR: 6.653; 95% CI:
1.395-31.737, P = 0.017) (Table 7). However, a baseline UA
level >7.0 mg/dL was not associated with a >25% decline in
eGFR (HR: 1.577; 95% CI: 0.803-3.095, P = 0.186) or >50%
decline in eGFR (HR: 2.756; 95% CI: 0.607-12.519, P = 0.189)
(Table 8).

The subgroup analysis by gender was further conducted. A
baseline UA level >8.0 mg/dL was associated with a risk of >25%
decline in eGFR in both female (HR: 5.658; 95% CI: 1.244-25.747,
P =0.025) and male (HR: 2.798; 95% CI: 1.147-6.825, P = 0.024).
As we further lower the cut-off value, a baseline UA level >7.5
mg/dL was associated with a risk of >25% decline in eGFR in
male (HR: 2.374; 95% CI: 1.013-5.559, P = 0.047), but not in
female (HR: 3.454; 95% CI: 0.895-13.332, P = 0.072). As for the
major renal event, a baseline UA level >8.0 mg/dL was associated
with a >50% decline in eGFR in female (HR: 40.086; 95% CI:
2.606-616.712, P = 0.008), but not in male (HR: 7.320; 95%
CI: 0.476-112.592, P = 0.153). However, P-values for interaction
were all insignificant (Table 9).

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,
body mass index; CCB, calcium channel blocker; DBR, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, heart
rate; LDLC, low density lipoprotein cholesterol; SBF, systolic blood pressure; UA, uric acid.

TABLE 5 | Uric acid and renal events.

Patient  >25% decline P-value >50% decline P-value
number in eGFR, n (%) in eGFR, n (%)
UA levels
<8.0 mg/dL 365 40 (11.0%) 0.004 7 (1.9%) 0.025
>8.0 mg/dL 46 12 (26.1%) 4 (8.7%)
UA levels
<7.5 mg/dL 335 37 (11.0%) 0.040 6 (1.8%) 0.035
>7.5 mg/dL 76 15 (19.7%) 5 (6.6%)
UA levels
<7.0 mg/dL 296 35 (11.8%) 0.418 6 (2.0%) 0.191
>7.0 mg/dL 115 17 (14.8%) 5 (4.3%)

eGFR, estimated glomerular filtration rate; UA, uric acid.

DISCUSSION

This study aimed to investigate the relationship between
baseline serum UA levels and renal outcomes in patients with
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FIGURE 1 | Kaplan-Meier survival curves showing the absence of renal events according to the baseline uric acid (UA) in patients with hypertension. All participants
were divided into two groups according to UA levels. The blue line represents the patient group with UA <8.0 mg/dL. The green line represents the group with UA
>8.0 mg/dL. Renal events were defined as >25% decline and >50% decline in eGFR. Differences were compared using the log-rank test. (A) UA (<8.0 vs. >8.0
mg/dL) and >25% decline in eGFR (P = 0.033). (B) UA (<8.0 vs. >8.0 mg/dL) and >50% decline in eGFR (P = 0.014).
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FIGURE 2 | Kaplan-Meier survival curves showing the absence of renal events according to the baseline uric acid (UA) in patients with hypertension. All participants
were divided into two groups according to UA levels. The blue line represents the patient group with UA <7.5 mg/dL. The green line represents the group with UA
>7.5 mg/dL. Renal events were defined as >25% decline and >50% decline in eGFR. Differences were compared using the log-rank test. (A) UA (<7.5 vs. >7.5
mg/dL) and >25% decline in eGFR (P = 0.083). (B) UA (<7.5 vs. >7.5 mg/dL) and >50% decline in eGFR (P = 0.022).

hypertension. Our investigation suggests that hyperuricemia, Several modifiable and unmodifiable mediators are related
with a cutoff of 7.5 or 8.0 mg/dL, is related to the decline of renal ~ to the development and progression of CKD (18, 19). Among
function in Han Chinese hypertensive patients in Taiwan. them, hypertension was one of the most important contributors
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FIGURE 3 | Kaplan-Meier survival curves showing the absence of renal events according to the baseline uric acid (UA) in patients with hypertension. All participants
were divided into two groups according to UA levels. The blue line represents the patient group with UA <7.0 mg/dL. The green line represents the group with UA
>7.0 mg/dL. Renal events were defined as >25% decline and >50% decline in eGFR. Differences were compared using the log-rank test. (A) UA (<7.0 vs. >7.0
mg/dL) and >25% decline in eGFR (P = 0.673). (B) UA (<7.0 vs. >7.0 mg/dL) and >50% decline in eGFR (P = 0.202).

TABLE 6 | Uric acid 8.0 mg/dL and decline of estimated glomerular filtration rate (eGFR).

eGFR >25% reduction HR (95% CI) P-value eGFR >50% reduction HR (95% ClI) P-value
Univariate analysis Univariate analysis

UA >8.0 mg/dL (yes vs. no) 1.997 (1.043-3.820) 0.037 UA >8.0 mg/dL (yes vs. no) 4.151 (1.213-14.201) 0.023
Multivariate analysis Multivariate analysis

Age, years 1.036 (1.009-1.063) 0.007 Age, years 1.023 (0.959-1.091) 0.489
Sex (male vs. female) 0.738 (0.387-1.409) 0.357 Sex (male vs. female) 0.273 (0.063-1.186) 0.083
BMI, kg/m? 0.998 (0.917-1.086) 0.957 BMI, kg/m? 0.923 (0.755-1.128) 0.433
Office SBP, mmHg 1.021 (1.004-1.038) 0.017 Office SBP, mmHg 1.056 (1.014-1.099) 0.008
ACEI/ARB (yes vs. no) 0.572 (0.303-1.079) 0.085 ACEI/ARB (yes vs. no) 0.474 (0.106-2.122) 0.329
B-blocker (yes vs. no) 1.605 (0.873-2.952) 0.128 B-blocker (yes vs. no) 1.961 (0.474-8.125) 0.353
CCB (yes vs. no) 1.279 (0.638-2.562) 0.488 CCB (yes vs. no) 0.412 (0.096-1.765) 0.232
Thiazide (yes vs. no) 1.156 (0.597-2.238) 0.667 Thiazide (yes vs. no) 2.116 (0.541-8.274) 0.281
Furosemide (yes vs. no) 0.782 (0.097-6.289) 0.817 Furosemide (yes vs. no) 14.990 (1.021-220.070) 0.048
HDLC, mg/dL 0.988 (0.962-1.014) 0.365 HDLC, mg/dL 0.963 (0.904-1.026) 0.243
eGFR, mL/min /1.73 m? 1.024 (1.007-1.042) 0.005 eGFR, mL/min /1.73 m? 1.026 (0.990-1.064) 0.157
UA >8.0 mg/dL (yes vs. no) 3.541 (1.655-7.574) 0.001 UA >8.0 mg/dL (yes vs. no) 6.995 (1.309-37.385) 0.023

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CCB, calcium channel blocker; ClI, confidence interval; eGFR, estimated
glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, hazard ratio; SBF, systolic blood pressure; UA, uric acid.

to CKD (1, 2). In some hypertensive patients, however, renal
function continued to deteriorate progressively even when
the BP was under control. In our previous study, 11.2%
of hypertensive patients still suffered from renal function
decline when their BP was controlled to <140/90 mmHg
(17). It is essential to identify specific characteristics that
increase the risk of renal insufficiency in this population.

Therefore, we focused on another possible modifiable risk
factor, hyperuricemia.

Several studies have indicated that hyperuricemia is a
predictor of the occurrence of renal disease in the general
population. Two community cohorts in the United States,
which involved 13,338 participants with 8.5 years of follow-
up, suggested that elevated UA levels were an independent risk
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TABLE 7 | Uric acid 7.5 mg/dL and decline of estimated glomerular filtration rate (eGFR).

eGFR >25% reduction HR (95% Cl) P-value eGFR >50% reduction HR (95% CI) P-value
Univariate analysis Univariate analysis

UA >7.5 mg/dL (yes vs. no) 1.690 (0.927-3.081) 0.087 UA >7.5 mg/dL (yes vs. no) 3.658 (1.1156-12.002) 0.032
Multivariate analysis Multivariate analysis

Age, years 1.036 (1.009-1.064) 0.008 Age, years 1.024 (0.960-1.092) 0.473
Sex (male vs. female) 0.724 (0.383-1.369) 0.320 Sex (male vs. female) 0.273 (0.066-1.136) 0.074
BMI, kg/m? 0.993 (0.911-1.083) 0.879 BMI, kg/m? 0.897 (0.731-1.100) 0.297
Office SBP, mmHg 1.021 (1.004-1.038) 0.017 Office SBP, mmHg 1.057 (1.013-1.102) 0.010
ACEI/ARB (yes vs. no) 0.600 (0.319-1.128) 0.113 ACEI/ARB (yes vs. no) 0.491 (0.109-2.206) 0.354
B-blocker (yes vs. no) 1.574 (0.861-2.878) 0.140 B-blocker (yes vs. no) 2.071 (0.491-8.739) 0.322
CCB (yes vs. no) 1.271 (0.637-2.535) 0.496 CCB (yes vs. no) 0.412 (0.097-1.747) 0.229
Thiazide (yes vs. no) 1.100 (0.563-2.151) 0.780 Thiazide (yes vs. no) 1.926 (0.474-7.826) 0.360
Furosemide (yes vs. no) 0.850 (0.106-6.822) 0.878 Furosemide (yes vs. no) 19.968 (1.274-312.928) 0.033
HDLC, mg/dL 0.986 (0.961-1.013) 0.314 HDLC, mg/dL 0.961 (0.902-1.024) 0.217
eGFR, mL/min /1.73 m? 1.023 (1.006-1.041) 0.008 eGFR, mL/min /1.73 m? 1.026 (0.990-1.063) 0.161
UA >7.5 mg/dL (yes vs. no) 2.789 (1.399-5.560) 0.004 UA >7.5 mg/dL (yes vs. no) 6.653 (1.8395-31.737) 0.017

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CCB, calcium channel blocker; ClI, confidence interval; eGFR, estimated
glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, hazard ratio; SBF, systolic blood pressure; UA, uric acid.

TABLE 8 | Uric acid 7.0 mg/dL and decline of estimated glomerular filtration rate (eGFR).

eGFR >25% reduction HR (95% CI) P-value eGFR >50% reduction HR (95% CI) P-value
Univariate analysis Univariate analysis

UA >7.0 mg/dL (yes vs. no) 1.133 (0.634-2.023) 0.673 UA >7.0 mg/dL (yes vs. no) 2.126 (0.649-6.969) 0.213
Multivariate analysis Multivariate analysis

Age, years 1.083 (1.006-1.060) 0.018 Age, years 1.018 (0.956-1.083) 0.584
Sex (male vs. female) 0.732 (0.382-1.403) 0.347 Sex (male vs. female) 0.298 (0.071-1.252) 0.098
BMI, kg/m? 0.996 (0.913-1.087) 0.929 BMI, kg/m? 0.904 (0.738-1.108) 0.330
Office SBR, mmHg 1.021 (1.004-1.039) 0.015 Office SBP, mmHg 1.055 (1.013-1.098) 0.009
ACEI/ARB (yes vs. no) 0.648 (0.347-1.209) 0.173 ACEI/ARB (yes vs. no) 0.601 (0.141-2.572) 0.493
B-blocker (yes vs. no) 1.451 (0.797-2.640) 0.223 B-blocker (yes vs. no) 1.581 (0.403-6.206) 0.511
CCB (yes vs. no) 1.303 (0.657-2.584) 0.449 CCB (yes vs. no) 0.513 (0.130-2.021) 0.340
Thiazide (yes vs. no) 1.080 (0.540-2.160) 0.829 Thiazide (yes vs. no) 1.847 (0.442-7.720) 0.400
Furosemide (yes vs. no) 0.893 (0.111-7.156) 0.915 Furosemide (yes vs. no) 16.980 (1.243-232.037) 0.034
HDLC, mg/dL 0.985 (0.959-1.011) 0.259 HDLC, mg/dL 0.961 (0.905-1.021) 0.195
eGFR, mL/min /1.73 m? 1.019 (1.001-1.036) 0.034 eGFR, mL/min /1.73 m? 1.017 (0.981-1.054) 0.354
UA >7.0 mg/dL 1.577 (0.803-3.095) 0.186 UA >7.0 mg/dL 2.756 (0.607-12.519) 0.189

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CCB, calcium channel blocker; Cl, confidence interval; eGFR, estimated
glomerular filtration rate; HDLC, high density lipoprotein cholesterol; HR, hazard ratio; SBF, systolic blood pressure; UA, uric acid.

factor for incident kidney disease (3). Another mass community-
based screening conducted in Japan, with 48,177 participants,
further identified UA level as a major factor for ESRD in females
during 7 years. The study showed that the incidence of ESRD
per 1,000 women was 0.87 for those without hyperuricemia
and 9.03 for those with hyperuricemia, with a hazard ratio
of 5.77 (4).

In addition to the development of kidney diseases, high
UA levels have been shown to exacerbate the progression
of renal impairment, including diabetic nephropathy (5-7),
IgA nephropathy (20-22), nephrosclerosis (23), and allograft
nephropathy (24, 25). However, few studies have focused on

patients with hypertension. The Uric Acid Right for Heart
Health (URRAH) project, a cross-sectional study with 26,971
Italian patients with 62% being hypertensive patients, indicated
that those with CKD were 10 times more likely to have
hyperuricemia than those with intact renal function (8). Whether
hyperuricemia presented as the cause, co-existing factor, or
consequence of CKD was not investigated in this observational
study. On the other hand, a 4.8-year cohort study in Japan
demonstrated that UA level was not an independent risk factor
for ESRD in hypertensive nephropathy (9). However, the follow-
up period might be insufficient for progression to ESRD, making
the results unremarkable. On the contrary, our prospective
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TABLE 9 | Uric acid levels and decline of estimated glomerular filtration rate (¢GFR) in female and male.

eGFR25% decline Female Male

HR (95% CI) P-value HR (95% CI) P-value P for interaction
UA >8.0 mg/dL (yes vs. no)* 5.658 (1.244-25.747) 0.025 2.798 (1.147-6.825) 0.024 0.373
UA >7.5 mg/dL (yes vs. no)* 3.454 (0.895-13.332) 0.072 2.374 (1.013-5.559) 0.047 0.381
UA >7.0 mg/dL (yes vs. no)* 1.792 (0.472-6.800) 0.391 1.290 (0.549-3.032) 0.559 0.461
eGFR50% decline Female Male

HR (95% CI) P-value HR (95% Cl) P-value P for interaction
UA >8.0 mg/dL (yes vs. no)* 40.086 (2.606-616.712) 0.008 7.320 (0.476-112.592) 0.153 0.681
UA >7.5 mg/dL (yes vs. no)* 7.269 (0.758-69.757) 0.086 308.437 (0.233-407815.643) 0.118 0.614
UA >7.0 mg/dL (yes vs. no)* 4.427 (0.422-46.401) 0.215 24.980 (0.761-820.370) 0.071 0.809

Cl, confidence interval; HR, hazard ratio; UA, uric acid.

*Adjusted for age, BMI, office SBR, ACEI/ARB, B-blocker, CCB, thiazide, furosemide, HDLC, and eGFR.

study emphasized early prevention of CKD in hypertensive
patients by defining renal events as >25% and >50% reduction
in eGFR.

Despite the strong association referred to by the above
epidemiological data, the precise pathogenetic mechanism
for urate nephropathy has not been well-established. It was
hypothesized that the deposition of urate crystals in the
medullary interstitium induced an inflammatory response,
potentially leading to interstitial fibrosis and eventually CKD
(26-28). The histological changes, including needle-like
birefringent crystals of urate along with vascular sclerosis and
tubular atrophy, provided evidence for urate nephropathy
(29). However, both the pathological evidence and clinical
manifestations were non-specific, making it difficult to
differentiate it from other common etiologies, such as diabetic
nephropathy. Whether hyperuricemia serves as a marker or
contributor to renal injury is still under debate (30-32). To
clarify the association between the UA level and renal outcome,
we included patients with relatively preserved renal function at
baseline (eGFR of 86.0 & 19.4 mL/min/1.73 m?) and excluded
those with diabetes mellitus. Other possible causes that affected
renal function, including smoking (33), metabolic syndrome
(34), and use of fibrate, statin or other medication (35, 36) were
analyzed as well. The significant results of our study implied that
hyperuricemia contributes to renal impairment.

There is no consensus on the target UA level in either
the general population or patients with hypertension. The
American College of Rheumatology Guideline suggested
initiating intervention in patients with first gout flare only when
the UA level exceeds 9.0 mg/dL, targeting a UA level <6.5 mg/dL
(13). The European Alliance of Associations for Rheumatology
proposed a stricter goal with initiating treatment in those with
UA >8.5 mg/dL and targeting a UA level <6.0 mg/dL (14).
However, the above recommendation applies only to patients
with gout and does not address the impact of hyperuricemia
on renal disease or hypertensive patients. Several studies have
aimed to provide cutoff values for the prediction of renal disease.
A study conducted in Vienna, with 21,475 healthy volunteers

and a 7-year follow-up period, referred that the odds ratio for
the development of renal insufficiency (eGFR <60 mL/min per
1.73 m?) increased dramatically when UA level exceeded 7.0
mg/dL in women and 8.0 mg/dL in men. The UA level between
7.0 and 8.9 mg/dL was associated with a nearly doubled risk for
incident kidney disease and those with UA levels >9.0 mg/dL
had a tripled risk (37). Another study that enrolled patients with
nephrosclerosis suggested that the optimal UA cutoff value for
predicting an eGFR decline by >50% from baseline or ESRD was
8.0 mg/dL (23). In our investigation, the reduction of eGFR was
not observed in patients with UA >7.0 mg/dL but was significant
if the cutoff value was set at 7.5 mg/dL or higher. This result
served as important information for both physicians and patients
in predicting the future risk of renal diseases. By initiating the
evaluation earlier, we hope to delay the development of CKD in
patients with hypertension.

The definition for hyperuricemia is gender-specific (10,
12). Therefore, whether there are different UA thresholds for
predicting renal impairment in male and female is of our interest.
One previous study suggested that the risk for incident kidney
disease was associated with gender. The risk increased as UA
level exceeded 6 to 7 mg/dL in women and 7 to 8 mg/dL in men
(37). Our subgroup analysis seemed to provide gender-specific
UA cutoff value as well, female as 8.0 mg/dL and male as 7.5
mg/dL, for minor renal event. However, none of the interaction
tests was significant. This finding was consistent with one meta-
analysis, which revealed no difference between men and women
in UA level and CKD (38).

Despite numerous studies indicating the association between
UA levels and renal diseases, data on the effects of uric acid-
lowering agents on renal outcomes are limited and inconsistent.
Three randomized, controlled trials, conducted in Hong Kong,
Spain, and Iran, respectively, revealed that fewer patients in
the allopurinol group endorsed renal function deterioration
compared to the control group (39-41). However, several
studies have shown different outcomes. The CKD-FIX Study
(randomized Controlled trial of slowing of Kidney Disease
progression From the Inhibition of Xanthine oxidase), enrolling
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a total of 363 patients with stage 3 or 4 CKD, concluded that
allopurinol did not appear to effectively alter the progression
of renal insufficiency during a 2-year follow-up (42). One of
the possible explanations for this opposite result is that the
study did not include UA level-based criteria at enrollment.
Therefore, some participants had normal UA levels, while others
had elevated UA levels. On the other hand, when comparing
different urate-lowering agents, febuxostat reduced UA more and
earlier than allopurinol (43). However, there was no difference
in the decline of renal function between the two groups during
a 3-year period (44). Therefore, additional comprehensive trials
involving a larger cohort of participants to determine the long-
term efficacy of different urate-lowering agents, as well as to
characterize sub-populations who would benefit from urate-
lowering agents, would be essential.

Study Limitations

This study has several limitations that must be addressed.
First, this was an observational study. There may have been a
selection bias in patient enrollment. However, we tried our best
to exclude participants with diabetes and other comorbidities to
attenuate the impacts of other factors related to renal function
deterioration. Second, the number of participants and major
renal events was relatively small. Though only 11 participants
experienced major renal events, there were 52 participants meet
the criteria of minor renal events. The impacts of baseline
UA levels on major and minor events were consistent, which
increased the strengths of our study. Further studies with large
sample size will be indicated. Third, our study was conducted
only in Chinese patients with hypertension in Taiwan. Since
UA levels may vary between different ethnic backgrounds (45,
46), our findings should be tested in hypertensive patients with
different ethnic backgrounds in the future. Fourth, we did not
investigate the impact of uric acid-lowering agents on renal
function. To better clarify the relationship between UA levels
and renal function, patients treated with urate-lowering agents
were excluded from our study. However, whether hypertensive
patients would benefit from early intervention for hyperuricemia
is unknown. Therefore, further interventional trials should be
conducted to determine the efficacy of urate-lowering agents for
renal protection. Finally, although the hypertensive patients in
our cohort were educated for dietary modification during the
out-patient clinic follow-up, we did not have detail information
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Kidney transplantation (KT) is the treatment of choice for patients with end-stage kidney
disease (ESKD) with decreased morbi-mortality, improved life quality, and reduced cost.
However, the shortage of organs from deceased donors led to an increase in KT from
living donors. Some stipulate that living donors have a higher risk of ESKD after donation
compared with healthy non-donors. The reason for this is not clear. It is possible that
ESKD is due to the nephrectomy-related reduction in glomerular filtration rate (GFR),
followed by an age-related decline that may be more rapid in related donors. It is essential
to assess donors properly to avoid rejecting suitable ones and not accepting those with
a higher risk of ESKD. GFR is a central aspect of the evaluation of potential donors since
there is an association between low GFR and ESKD. The methods for assessing GFR
are in continuous debate, and the kidney function thresholds for accepting a donor may
vary according to the guidelines. While direct measurements of GFR (MGFR) provide the
most accurate evaluation of kidney function, guidelines do not systematically use this
measurement as a reference. Also, some studies have shown that the GFR decreases
with age and may vary with gender and race, therefore, the lower limit of GFR in patients
eligible to donate may vary based on these demographic factors. Finally, it is known that
CrCl overestimates mGFR while eGFR underestimates it, therefore, another way to have
a reliable GFR could be the combination of two measurement methods.

Keywords: end stage kidney disease (ESKD), kidney transplant, glomerular filtration rate, estimated GFR, measure
GFR

INTRODUCTION

The number of patients with end-stage kidney disease (ESKD) requiring dialysis is increasing
around the world (1). This has been mainly attributed to the rising prevalence of diabetes mellitus
(DM) and hypertension (HTN) in an elder population that reaches this stage (2). Not surprisingly
this is associated with increased morbidity, mortality, healthcare costs, and reduced quality of life
(3-7). Our country, Argentina, is not an exception; in 2019, there were 30,432 prevalent patients
on dialysis with an incidence and a prevalence of 164 and 677 patients per million inhabitants,
respectively (8). The annual mortality rate for patients with chronic kidney disease (CKD) stage 5D
is 17.3%, being 14.7% for peritoneal dialysis, and 17.7 % for patients on hemodialysis (8).

Today, renal transplantation (RT) is the best treatment option for patients reaching ESKD
because it is associated with better patient survival, quality of life, and lower costs compared with
patients remaining on dialysis (9). Unfortunately, as time goes by the increasing number of patients
reaching ESKD combined with organ shortage makes waiting time for deceased donors RT longer
(8). In Argentina, the number of patients on dialysis has increased while the number of RT has
remained stable over the years at a rate of 19-21 RT per million inhabitants. The rate increased
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in 2018 and 2019 to 24.6 and 29.5 per million inhabitants,
respectively, at the expenses of deceased donors. However, the
percentage of RT with living donors has not increased for the past
10 years, being approximately 20% of all kidney transplants (8).

One strategy to cope with the increasing number of patients
on the waiting list is to increase the living kidney donor (LKD)
pool with more flexible donor acceptance criteria (10).

One of the major concerns about LKD is whether they
have the same mortality and life expectancy compared with
a similar age, sex, and comorbidity matched population. In
a study by Sergev et al. (11), the risk of death in the first
90 days following live donor nephrectomy was 3.1 per 10,000
donors (95% CI, 2.0-4.6). Mortality was higher in men, African
Americans, and with a history of HTN. This mortality rate seems
low compared with that reported in the literature of laparoscopic
cholecystectomy 15/10,000 (12) or nephrectomy of non-donor
260/10,000 surgeries (13). Others studies addressed the long-
term risk of death and found that the life expectancy of kidney
donors appears to be similar to that of non-donors or perhaps
even longer (14, 15). Additionally, Ibrahim et al. (15) compared
3,698 kidney donors” survival who donated kidneys during the
period from 1963 through 2007 with the general population from
the National Center for Health Statistics. The survival of kidney
donors was similar to that of controls who were matched for age,
sex, and race or ethnic group. On the other hand, Geir Mjoen
et al. (16) analyzed 1,901 subjects who donated kidneys from
1963 to 2007 with a median follow-up of 15.1 years. A control
group of 32,621 potentially suitable kidney donors was selected,
with a follow-up of 24.9 years. Hazard ratio (HR) for all-cause
death was significantly increased to 1.30 (95% CI 1.11-1.52) for
donors compared with controls. One of the reasons that could
explain this finding was that the control groups were all from
the same county with a higher life expectancy compared with
Norway where the donors came from. More recently Shiromani
Janki et al. (17) compared 761 LKDs, who visited the outpatient
clinic and their propensity score was matched with 1,522 non-
donors from population-based cohort studies. The study showed
no significant differences between donors and non-donors in
overall and cardiovascular mortality.

Another concern in LKD is about the risk of progression to
ESKD. Nevertheless, several studies have shown no differences
between LKD and matched controls in this respect (16, 18, 19).
The study by Ibrahim et al. (15) suggests that there is no excessive
risk of ESKD to donors and confirms the view that factors
associated with reduced GFR in donors are similar to those that
have been observed in the general population. The estimated
incidence of ESKD in donors would appear to be 180 per million
persons per year, as compared with the overall adjusted incidence
rate of 268 per million persons per year in the white population of
the United States (15). Between 1996 and 2015, there has been an
increase in the number of LKD reaching the United States kidney
waiting list with a total of 441 patients (20). In 2014, Muzaale
et al. (21) compared 96,217 LKD from the Organ Procurement
and Transplantation Network (OPTN) registry (1994-2007) with
20,024 participants of the NHANES III study showing a low
incidence of ESKD, 15 years post-donation (estimated risk of
30.8 of 10,000 donors over 15 years). This represented an 8-fold

increased incidence of ESKD in kidney donors compared with
healthy individuals in the United States who had not donated.
This difference was seen in both black and white subjects, with
an estimated risk of 74.7 per 10,000 black donors vs. 23.9 per
10,000 black non-donors (p < 0.001) and estimated risk of 22.7
per 10,000 white donors vs. 0.0 per white non-donors (p < 0.001).

Even though African American (AA) had a higher risk
of ESKD in the general population compared with white
individuals, the absolute risk of ESKD in black living donors
was also low. Finally, the estimated lifetime risk of ESKD was
90 per 10,000 donors, 326 per 10,000 unscreened non-donors
(general population), and 14 per 10,000 healthy non-donors (21).
The question is whether LKDs develop ESKD as a consequence
of new-onset disease that can affect the remaining kidney or is
it due to a constant fall in the glomerular filtration rate (GFR)
that can occur with aging. Recently a study published by Matas
et al. (22) over 40,130 LKDs from 1963 to 2015, 39 developed
ESKD, (mean age at ESKD, 62.4 years; mean interval between
donation and ESKD, 27.1 & 9.8 years). Donors who developed
ESKD were more likely to be men, as well as smokers, younger
at the time of donation, and to have donated to a first-degree
relative. Of donors with a known cause of ESKD (n = 25), 48%
was due to diabetes mellitus (DM) and/or hypertension (HTN),
and only two were from a disease that would have affected one
kidney (cancer). Therefore, knowing the risk factors for ESKD in
LKDs could help improve their selection as well as their medical
care after donation. In fact, today LKD tends to be older and
have more comorbidities which call for a thorough evaluation
before donation (23). O’Keeffe et al. (24) published a systematic
review and meta-analysis of 52 studies, including 118,426 LKDs
and 117,656 non-donors. They did not find evidence suggesting
a higher risk for cardiovascular disease, type 2 diabetes, or
adverse psychosocial health outcomes in LKDs than in non-
donor populations. On the other hand, kidney donors had higher
diastolic blood pressure and a higher risk for preeclampsia in
female donors. Although living kidney donation is associated
with higher relative risks (RRs) for preeclampsia, the absolute
risk for this outcome remains low, compared with non-donor
populations. Similar results were obtained by Janki et al. (17),
but there was a lower risk of new-onset HTN compared with the
meta-analysis (24). Kasiske et al. (25), in a 3-year study, compared
182 donors and 173 non-donors. They found that donors at
3 years follow-up had significantly higher levels of uric acid,
phosphorus, and parathyroid hormone (PTH). This could have
been related to a decrease in kidney mass in apparently healthy
individuals. Whether this has any implications for the bone
health of donor is not yet known. In Table 1, we summarized
the most relevant studies concerning mortality and progression
to ESKD.

There is little consensus about what is considered an
appropriate GFR threshold for donation and formulation of
guidelines is hampered by the heterogeneity of practice in how
GFR is measured, uncertainty on the accuracy of GFR estimating
equations, and bias and imprecision of standard methods of
GFR measurement. The aim of this review is to update the
different methods of GFR assessment in live kidney donors, their
strengths, and limitations. In addition, we will go through the
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TABLE 1 | Summary of the most relevant studies related to post-donation medical outcomes.

Study design

Outcome: Comparison of LKD to Controls

Mortality
Sergev et al. (11)

lbrahim et al. (15)

Gier Mjoen et al. (16)

Shiromani Janki et al. (17)

Progression to ESKD
Muzaale et al. (21)

Gier Mjoen et al. (16)

lbrahim et al. (15)

80,347 LKD vs. Controls matched from NHANES Il by age,
gender, race, BMI, smoking history, and SBP, after exclusions for
baseline comorbidity

3,698 LKD survival vs. NHANES controls. 1:1 ratio, matched by:
age, race and BMI

1,901 LKD vs. 32,621 subjects between the ages of 20 and 70,
general Norwegian population, with no contraindication to
donation of a kidney Matching on age, sex, SBP, BMI and smoking

761 LKD vs. 1,522 non donors

96,217 LKD vs. 20,024 patients from the NHANES I studly.
Excluding those with contraindication to kidney donation: n =
9,364 subjects matching on age, sex, race, BMI, smoking

and SBP

1,901 LKD vs. 32,621 subjects between the ages of 20 and 70,
general Norwegian population, with no contraindication to
donation of a kidney Matching on age, sex, SBP, BMI and smoking

3,698 LKD survival vs. NHANES controls. 1:1 ratio, matched by:

Risk of death in the first 90 days after live donor
nephrectomy (3.1/10,000)
Long-term LKD mortality not higher vs. matched healthy

No differences in mortality between groups

Risk for LKD: HR for all-cause death: 1.30 (1.11-1.52) and
cardiovascular death: 1.40 (1.03-1.91)

No differences in overall mortality
(OR 0.06, 95% CI 0.05; 0.08) for LKD

Incidence of ESKD 30.8/10,000 donors over 15 years
vs. 3.9/10,000 in healthy non-donors

HR for ESKD in LKD: 11.38 (4.37-29.63, P < 0.001)

No difference in incidence of ESKD: 180 per million

age, race and BMI

O’Keeffe et al. (24)

Meta-analysis: 52 studies, 118,426 LKD vs. 117,656 controls

persons per year in LKD vs. 268 per million persons per
year in controls.

LKD: higher diastolic blood pressure, lower estimated
glomerular filtration rates.

Risk for ESKD (RR, 8.83 [Cl, 1.02 to 20.93]), but low
absolute risk for ESKD (incidence rate, 0.5 event [CI, 0.1
to 4.9 events] per 1000 person-years)

LKD, living kidney donor; NHANES Ill, National Health and Nutrition Examination Study; SBF, Systolic blood pressure; ESKD, end stage kidney disease; BMI, body mass index.

current guidelines of GFR thresholds available in the literature,
and finally, we will analyze the impact of pre-donation GFR on
post-donation outcomes.

METHODS

A non-language restricted search was performed until August
30, 2021 in PubMed, SciELO, Trip Database, Google Scholar,
and MEDES y MEDLINE, using the following MeSH terms
and key words, “living kidney donors” “chronic kidney
disease,” “donor nephrectomy,” “glomerular filtration rate,
“estimate glomerular filtration rate,” “glomerular filtration
rate; “glomerular filtration rate measurements,” “cystatin
C; “CKD-EPI; “MDRD;” “creatinine clearance, “inulin,
“iothalamate,” “diethylenetriaminepentaacetic acid,” “iohexol,”
and “ethylenediamine tetra-acetic acid.” Bibliographies of
relevant articles and reviews were manually screened to identify
additional studies.

GFR in Normal Subjects

A precise assessment of pre-donation GFR and its follow-
up is essential to identify donors at risk to initiate
prevention strategies.

Glomerular filtration rate has been established for decades
by measuring the 24-urine creatinine excretion (26). One of
the problems with this method is that in healthy subjects, it
overestimates GFR by up to 10% due to tubular excretion of

creatinine (27). The others relate to the possible imprecision
and bothersome 24 h urine collection. Therefore, other methods
to measure GFR (mGFR) have taken place. The exogenous
tracers are considered the gold standard (28), such as inulin,
technetium-99mTc-diethylenetriaminepentaacetic acid (99mTc-
DTPA) (29), 51Cr-ethylenediaminetetraacetic acid (EDTA) (30),
125I-iothalamate (31), and non-reactive Iohexol. Nevertheless,
they are expensive, their use is complex, and may have side
effects. For this reason, GFR is frequently estimated by equations
(eGFR) which incorporate endogenous markers, as well as
demographic and anthropometric parameters (27). Among those
using creatinine, the chronic kidney disease epidemiology (CKD-
EPI) (32) is the most widely used. Other equations include
cystatin C (CysC) (33), CysC +Cr (34), beta-trace protein (BTP),
and beta2 microglobulin (B2M) (35).

Most of the studies for mGFR and eGFR have been designed
and validated in renal patients with chronic kidney disease
(CKD) therefore their assessment of GFR in normal individuals,
such as LKD, is not precise.

GFR Measurement

Inulin is a fructose polysaccharide found in the roots of a variety
of plants. It has a molecular weight of approximately 5,200
Da. It is neither metabolized nor reabsorbed or secreted by
the renal tubules, therefore, it can be quantitatively recovered
in the urine after intravenous administration. As described by
Homer Smith in 1935 (36), Inulin clearance is constant and
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independent of its plasmatic concentration. Experimental studies
have shown similar concentrations in the Bowman’s space and
plasma, 99.3% of Inulin injected in the proximal tubule is
present in the distal tubule (37). Inulin clearance continues to
be the gold standard for the measurement of GFR. Nevertheless,
issues concerning its cost, the complexity of the procedure, and
scarce availability turns its clinical use generally infeasible. Many
procedures to measure mGFR (38) have been developed, all
of them are more imprecise than the inulin clearance which
is already not 100% precise as it has a coeflicient of variation
of approximately 7% on repeated measurements in the same
subjects (39). One study addressed this issue by comparing the
accuracy of mGFR measured by other exogenous tracers to that
of inulin. They found that both plasmatic or urinary clearance
of 125I-iothalamate, EDTA, or Iohexol, and only the urinary
clearance of Tc99-DTPA is sufficiently accurate to measure
GEFR (40).

Iothalamate is currently used in the United States. It is an
ionic contrast tracer with a molecular weight of approximately
637 Da, very little protein-bound (41). It has a good correlation
with inulin clearance but as it is secreted and reabsorbed by renal
tubules, it has been shown to overestimate GFR (42, 43).

Ethylenediaminetetraacetic acid is available in Europe. Its
cost is high as it requires all the precautions for storage,
administration, and disposal of radioactive substances. It may
have tubular reabsorption as it tends to underestimate GFR
compared with inulin (44). Another compound, DTPA is a
chelating agent used in the United States and Canada. It
produces radiochemical debris while labeling with Tc99. It is
protein-bound in about 4-10% increasing its permanence in the
circulation which tends to underestimate GFR (45).

Iohexol is a non-ionic, non-radioactive, low-osmolality
contrast dye developed in the 1980s (46). It has a molecular
weight of 821.1 Da. Its protein-bound is scarce (47). It
is cheap, safe, and widely used. Methods taking series of
blood samples after tracer injection are popular although
not validated for subjects with normal renal function. Only
one study measured Iohexol plasma clearance in 20 patients
without kidney disease (48). The mGFR obtained after 5
samples (5M) (150/180/200/220/240 min) or 4 samples (4M)
(180/200/220/240 min) was compared with that of inulin. The
mGFR with the sample taken at 150 min in M5 was the closest
to inulin’s but still underestimated GFR by 13 ml/min/1.73 m?.
Authors postulated that if an earlier sample could be more
accurate in normal subjects.

GFR Estimation

Due to the limitations described for mGFR, equations have been
developed to estimate GFR (eGFR). As we mentioned they are
based on endogenous substances. Creatinine (Cr) is the most
widely used. Cr is a 113 Da amino acid generated in the muscle
from ingested food. It spreads in total body water, it is filtered
by the glomerulus, secreted by the tubules, and excreted in the
urine. We will focus on two equations, modification of diet
in renal disease (MDRD) and CKD-EPI. None of them were
developed in healthy subjects (49). MDRD was developed in
1999 (50) with creatinine standardization by the isotope dilution

mass spectrometry in 2006. Compared with Cockroft-Gault,
MDRD is more accurate (51). The most important limitation of
this formula is that it underestimates GFR with values over 60
ml/min/1.73 m?. Different from MDRD, CKD-EPI was validated
in a cohort including not only patients with CKD but also
individuals with normal renal function which provides a better
correlation with normal subjects (52).

The performance of these equations in LKD has been
explored. In one study (53), the accuracy of MDRD and CKD-
EPI for different clinical situations including LKD (n = 583) was
evaluated. For the detection of an mGFR < 60 ml/min/1.73 m?,
CKD-EPI had a sensitivity of 50% and specificity of 98%, while
MDRD had 70 and 94%, respectively. For the detection of an
mGFR < 80 ml/min/1.73 m?, CKD-EPI had a sensitivity of 71%
and specificity of 76% while MDRD had 89 and 48%, respectively.

Another study (54) evaluating LKD found that the probability
of having an mGFR < 80 ml/min/1.73 m? with the eGFR < 80
ml/min/1.73 m? was 14%, in other words, 86% of discharged
donors by eGFR would have been donors by mGFR. Therefore,
the use of the eGFR with creatinine for LKD selection is flawed
by the risk of rejecting candidates with a falsely low eGFR and
accepting others with a falsely high eGFR. Another endogenous
substance used to estimate GFR is Cystatin C (CysC), a protein
that inhibits cysteine and is secreted by the majority of cells.
CysC s freely filtered by the glomerulus, almost fully reabsorbed,
and metabolized by tubular epithelial cells, it is not secreted and
urinary excretion is negligible. Blood levels are less affected than
creatinine by body mass, diet, age, or sex (55). Nevertheless,
they can be affected by hyperthyroidism, high-dose steroids, and
cardiovascular disease (56).

There are several equations available that incorporate CysC
either alone or in combination with creatinine to estimate
GFR. In patients with CKD, it has been demonstrated that
eGFR by CKD-EPI with CysC+Cr has higher precision than
CKD-EPI only with Cr (34). One study (57) performed in 147
potential LKD found that the combined equation underestimated
mGEFR less than the only Cr-based equation (—2,7 vs. —11.6
ml/min/1.73 m?). The greater difference was observed with
mGFR between 89 and 60 ml/min/1.73 m? where CycC+Cr
had —4.3 ml/min/1.73 m? vs. —15 ml/min/1.73 m? for the only
Cr based equation.

Nevertheless, there are circumstances where the eGFR + CysC
is decreased compared with eGFR + Cr or mGFR. The so-called
“shrunken pore syndrome” has been defined when eGFR + CysC
is less than 60% of the eGFR + Cr (58). In 2015, it was described
in pregnant women in their third trimester (59). It has also been
associated with increased mortality after cardiac surgery (60) and
decreased left ventricular systolic function (61). Its relevance to
LKD has not been yet evaluated.

A Spanish group (62) compared mGFR by iohexol with that of
51 different equations based on Cr, CysC or both, in the selection
0f 103 LKD. The threshold for donation was established at mGFR
> 80 ml/min for those >35 years old or 90 ml/min for those
<35 years old. In total, 93 subjects (90.3%) had mGFR over the
threshold and 10 (9.7%) below the threshold. Many of those not
selected by mGFR were over the threshold by eGFR and would
have been selected. All of those excluded were women. In subjects
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selected by mGFR, 32 were below the threshold by eGFR that
would have left them out for donation.

Guidelines for GFR Evaluation Before LKD
Several guidelines are addressing this matter. They use different
methods to evaluate GFR and different GFR thresholds. We will
summarize the ones we considered the most relevant (Table 2).

Kidney Disease: Improving Global

Outcomes-KDIGO 2017
The initial recommended test is CKD-EPI + Cr, and then
confirmatory testing, as needed. Depending on availability,
mGFR, with exogenous or endogenous markers, eGFR
combining CysC + Cr or repeating an eGFR Cr can be used (63).

Another tool suggested by the guideline is a web-based
calculator to estimate the probability of having an mGFR below
60, 70, 80, and 90 ml/min/1.73 m? (http://ckdepi.org/equations/
donor-candidate- GFR-calculator/). It is divided into two steps.
First, it calculates the pre-test probability of having an mGFR
below 60, 70, 80, and 90 ml/min/1.73 m? based on gender,
age, and ethnicity. It then performs a post-test taking into
account creatinine measurements with or without cystatin, using
data obtained from the CKD-EPI cohort and eGFR/mGFR
concordance. For example, a 25-year-old white male with a
plasma creatinine of 1 mg/dl (eGFR CKD-EPI 104 ml/min/1.73
m?) has a post-test probability of having an mGFR of less than 90
ml/min/1.73 m? of 3%.

To accept a candidate routinely, they suggest an eGFR >
90 ml/min/1.73 m? and < 60 ml/min/1.73 m? to exclude

the participant. For values in the middle decisions should be
individualized and other risk factors should be considered. This
recommendation was based on a meta-analysis with almost 5
million healthy subjects where they found that for an eGFR >
90 ml/min/1.73 m?, the life-long risk of developing CKD was
approximately 1% of any age and race. For subjects aged 60 years
or older with an eGFR between 60 and 89 ml/min/1.73 m?, the
risk is less than 1% (64).

British Transplantation Society-BTS 2018
Similar to KDIGO, they recommend CKD-EPI + Cr as the initial
test. This will identify and rule out potential donors with CKD
(eGFR < 45 ml/min/1.73 m?). For the rest, GFR should be
confirmed by mGFR with inulin clearance, 51Cr-EDTA, 125I-
iothalamate, or iohexol (65).

Whenever there is a disparity between the two kidneys greater
than 10%, they recommend performing a differential mGFR for
each kidney with a combination of 51Cr-EDTA and 99mTc-
DMSA. If eligible, the less functioning kidney should be donated.

Glomerular filtration rate thresholds for donation should be
adapted for age and sex. A study performed in more than 1,800
potential LKDs found that until age of 40 years, GFR remained
stable, thereafter it decreased 6.6 ml/min/1.73 m? per decade
in men and 7.7 ml/min/1.73 m? in women (66). In patients
older than 35 years, a GFR >80 ml/min/1.73 m? seems safe for
donation. In those younger than 30 years, a more conservative
approach is warranted as there is evidence of a greater risk of
CKD in this population with GFR < 90 ml/min/1.73 m? (64).

TABLE 2 | Guidelines for glomerular filtration rate (GFR) evaluation before living kidney donation.

KDIGO BTS CTS OPTN
Initial evaluation CKD-EPI+Cr CKD-EPI+Cr eGFR Cr (CKD- mGFR or CrCl
EPI/Cockcroft-Gault)
Confirmation Depending on availability: mGFR (inulin, 51Cr-EDTA, 125l-iothalamate or Two separate —
-mGFR (exogenous or iohexol) creatinine clearance
endogenous markers) or
-eGFR cycs+cr one mGFR (DTPA,
-repeat eGFR Cr EDTA, iohexol
or iothalamate)
Threshold GFR Accept: >90 Accept: Accept: Accept:
(ml/min/1,73 m2) Exclude: <60 Male: Female: 18-30yrs: >90 CrCl > 80
Individualize decisions: 20-29yrs: >90 20-29yrs: >90 31-40yrs: >85 or
89-60 30-55yrs: >80 30-50yrs: >80 41-65yrs: >80 predicted GFR at
60yrs: >76 55yrs: >75 >B5yrs: >75 80yrs: > 40
65yrs: >71 60yrs: >70
70yrs: >67 B5yrs: >64
75yrs: >63 70yrs: >59
80yrs: >58 75yrs: >54
80yrs: >49

Others Web-based calculator to
estimate the probability of
having a mGFR below 60,
70, 80 and 90 mL/min/1.73

m2

99mTc-DTPA.

Size difference > 10%: mGFR 51Cr-EDTA +

Donate the least functioning

Size difference > 1 cm:  —
mMGFR 99mTc-DTPA.

If differential GFR is

more than 5%: Donate

the least functioning
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Canadian Transplant Society-CTS 2015

The recommendations include 2 creatinine determinations along
with CKD-EPI or Cockcroft-Gault eGFR. In addition, 2 separate
creatinine clearance measurements or one mGFR by DTPA,
EDTA, iohexol, or iothalamate (67).

Additionally, it is suggested that asymmetric kidneys (>1 cm)
should be evaluated by 99mTc-DTPA mGFR. If differential
GFR is more than 5%, the donor should be left with the best
functioning kidney.

Glomerular filtration rate thresholds are dependent on age.
Potential donors between 18 and 30 years old should have a GFR
> 90 ml/min/1.73 m? to be accepted, a GFR > 85 ml/min/1.73 m?
for donors between 31 and 40 years old, a GFR > 80 ml/min/1.73
m? for those 41 to 65 years old, and a GFR > 75 ml/min/1.73 m?
for those >65 years old.

Organ Procurement and Transplantation
Network-OPTN

In their guidelines, they propose mGFR using exogenous
filtration markers or creatinine clearance.

They suggest that those with a creatinine clearance < 80
ml/min/1.73 m? (68), or a predicted GFR at age 80 years is <
40 ml/min/1.73 m? (69), should be excluded for dotation (70).

Which Are the Recommended Methods for
the Assessment of Renal Function for the

Selection of Kidney Donors

In nephrology, there are few situations where an accurate
assessment of GFR is essential, kidney donation is one of them
(71), but guidelines do not specify which method should be used
(72). In addition, the GFR threshold for kidney donation matters
(73). A study carried out in 2007 found that 90% of living kidney
transplant programs in the United States used 24-h CrCl (74).
This is not an exception in our country. A survey conducted in
28 transplant centers in Argentina showed that 78.5% used CrCl
for the assessment of donor’s kidney function, while others used
eGFR or iothalamate Cl. To accept a kidney donor, a CrCl > 80
ml/min/1.73 m? was required by 71.4% of the physicians while
21.4% required CrCl > 90 ml/min/1.73 m? (Maldonado et al.,
SLAH congress). It is well known that CrCl overestimates GFR
and can lead to the approval of donors with a lower GFR than the
optimal adjusted for age and sex.

Many transplant programs around the world use other
methods to measure kidney function, such as eGFR or mGFR.
The availability of mGFR varies, especially in developing
countries where health resources are limited and where living
kidney donation can be the only source of kidney transplants
(75). On the other hand, the use of eGFR in the evaluation
and selection of LKDs is controversial, in part due to concerns
about its accuracy and correlation with mGFR to accept or reject
donors (76). An alternative approach is to adapt eGFR thresholds
to the best locally available technique. Two recently published
studies offer a web-based application using eGFR to compute
the probability that the measured GFR of a donor candidate is
higher than the threshold previously defined at 80 ml/min/1.73
m? (77, 78). These studies indicate that it is possible to define

different eGFR thresholds for mGFR limits coping with a certain
degree of uncertainty as to whether the mGFR threshold is
reached. In agreement with these findings, the KDIGO Clinical
Practice Guideline for LKD evaluation recommends using eGFR
as a test to identify candidates who may not need a subsequent
GFR assessment (63).

Previous research comparing eGFR and mGFR in living
donors showed that suitable donors with a falsely low eGFR could
have been accepted as well as inappropriate donors with a falsely
high eGFR should have been rejected (54, 76).

Gaillard et al. (72) evaluated 2,733 donors from 11 French
transplant centers. They examined whether relying on an eGFR
rather than mGFR measurement alters the choice of potential
living donors by comparing the effect of 4 equations (MDRD,
CKD-EPI, Lund Malmé equation, and full age spectrum [FAS]
equation) with mGFR as the reference method. Additionally,
they studied the impact of using absolute or age-adapted GFR
thresholds. They found that the CKD-EPI and FAS equations
had the best performances and led to the lowest percentage
of inappropriately evaluated candidates. Misclassification was
more frequent when GFR adequacy was defined as an absolute
threshold of 90 ml/ min/1.73 m? as compared with an age-
adapted definition (26 and 5%, respectively). Accepting an
absolute eGFR threshold of 90 ml/min/1.73 m?, 1,804 potential
donors were identified, compared with 2,648 when mGFR was
interpreted using age-adjusted thresholds. They strongly suggest
that mGFR should be the gold standard for donor evaluation,
but in cases where eGFR is the only source of measurement, age-
adapted GFR values estimated with either the CKD-EPI or FAS
equations should be used.

Recently, Garg et al. (71) compared 1,412 donors in the
performance of eGFR with CKD-EPI equation, 24-h CrCl, and
the average of these 2 measurements (Avg [CrCl and eGFR]
with mGFR by 125I-iothalamate as the gold standard). They
found that 24-h CrCl overestimated iothalamate GFR (iGFR) in
the entire cohort with an average bias of 2.2 ml/min/1.73 m?.
However, in men, CrCl overestimated mGFR by 6.7 ml/min/1.73
m?, and in women, CrCl slightly underestimated GFR by 1
ml/min/1.73 m?. eGFR underestimated iGFR with a median
bias of —5.4 ml/min/1.73 m?. Results were similar regardless
of age and gender, however, in black potential donors, eGFR
overestimated iGFR by 3.2 ml/min/1.73 m?. Among the three
testing GFR methods, median bias was significantly lower using
Avg (CrCl and eGFR) at —1.0 ml/min/1.73 m?. They concluded
that these 2 GFR testing methods could provide a reference in
clinical practice, as all transplant programs have access to them.

Renal Function After Donation
What happens with GFR after donation? With approximately
50% of the renal mass, the remaining kidney undergoes
compensatory hypertrophy, and approximately 6 months after
donation, GFR returns to 70% of the pre-donation values (79).
We have already addressed the literature regarding the risk
of ESKD after donation but little attention has been paid to
intermediate-risk factors that lead to it, such as DM, HTN, or
impaired renal function. Ibrahim et al. (80) studied 3,956 LKDs
followed for more than 40 years after donation. development
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of ESKD, reduced GFR, reduced eGFR (< to 30, 45, and 60
ml/min/1.73 m?) and proteinuria were analyzed. After a mean
follow-up of 16.6 & 11.9 years, 6.1% developed proteinuria
after donation. This was associated with a higher body mass
index (BMI) (HR, 1.10; 95% CI, 1.06-1.13; p < 0.001) and male
gender (HR, 1.56; 95% CI, 1.18-2.05; p < 0.001). Regarding
renal function, 35.6% had an eGFR <60 ml/min/1.73 m? at a
median age of 56.6 years and a median time of 9.2 years from the
donation. Risk factors associated with an eGFR < 60 were older
age at donation, higher BMI, a higher baseline systolic blood
pressure, and type 2 DM in the recipient. Additionally, 10.9%
had an eGFR <45 ml/min/1.73 m?, older age at donation, higher
BMI, and higher baseline systolic blood pressure were their risk
factors. Finally, 2.6% had an eGFR <30 ml/min/1.73 m? at a
median age of 68.4 years and after a median time of 23.9 years
after donation. This was associated with older age at donation
and higher BMI. Interestingly, this study showed that a higher
pre-donation eGFR and younger donor age was associated with
better post-donation eGFR even after 40 years after donation.
In multivariate time-dependent analysis, post-donation diabetes,
new-onset hypertension, proteinuria, and eGFR < to 60 or 45
ml/min/1.73 m?, were potent predictors of eGFR < 30 ml/min
or ESKD.

In previous studies (16, 21), it has been shown that most of
the donors developing ESKD donated their kidney to a relative.
It is well known that relatives of a patients with ESKD have a
higher risk of ESKD (81). Matas et al. (22) tried to determine
whether donors having a relative with ESKD had a faster decline
in eGFR compared with those without ESKD. They compared
long-term post-donation eGFR trajectory for donors with (n =
1,245) vs. without (n = 757) a first-degree relative with ESKD.
After adjusting for other patient factors, donors with a first-
degree relative with ESKD had either a smaller increase or a larger
decrease in eGFR—on average 0.20 ml/min/1.73 m?/year (0.07-
0.33) more than donors without a first-degree relative with ESKD,
in a wide age range. The authors suggest that, for donors with
and without a first-degree relative with ESRD, there is a steady
increase in GFR for the first few year’s post-donation. Although
there was a small difference between the slope of GFR in donors
with (vs. without) a first-degree relative with ESRD, neither group
experienced a decline in GFR that would explain any increased
incidence of ESRD.

A European study from the Netherlands, that we have already
mentioned above (17), showed that in kidney donors after mean
follow of more than 8 years, there were increase in serum
creatinine of 26 wmol/l (95% CI 24-28), a decrease in eGFR
of 27 ml/min/1.73 m?* (95% CI —29 to —26), and an eGFR
decline of 32% (95% CI 30-33) compared with non-donors.
There were no differences between groups concerning ESKD.
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Low weight at birth may be due to intrauterine growth restriction or premature birth.
Preterm birth is more common in low- and middle-income countries: 60% of preterm birth
occur in sub-Saharan African or South Asian countries. However, in some higher-income
countries, preterm birth rates appear to be increasing in relation to a reduction in the
lower threshold of fetal viability. The cutoff is at 22-23 weeks, with a birth weight
of approximately 500g, although in developed countries such as Japan, the viability
cutoff described is 21-22 weeks. There is evidence of the long-term consequences
of prenatal programming of organ function and its relationship among adult diseases,
such as hypertension (HT), central obesity, diabetes, metabolic syndrome, and chronic
kidney disease (CKD). Premature delivery before the completion of nephrogenesis and
intrauterine growth restriction leads to a reduction in the number of nephrons that are
larger due to compensatory hyperfiltration and hypertrophy, which predisposes to the
development of CKD in adulthood. In these patients, the long-term strategies are early
evaluation and therapeutic interventions to decrease the described complications, by
screening for HT, microalbuminuria and proteinuria, ultrasound monitoring, and renal
function, with the emphasis on preventive measures. This review describes the effects of
fetal programming on renal development and the risk of obesity, HT, and CKD in the future
in patients with low birth weight (LBW), and the follow-up and therapeutic interventions
to reduce these complications.

Keywords: preterm neonates, low birth weight, chronic kidney disease, arterial hypertension, fetal programming,
extrauterine growth restriction, intrauterine growth restriction, small gestational age

INTRODUCTION

Preterm birth affects ~11% of births worldwide. The availability of new therapeutics and
the increasing complexity of neonatal intensive care units have allowed the survival of
infants born at 22 or 23 weeks with birth weights close to 500g (1-3). The annual
prevalence of prematurity in Argentina is between 8 and 9% (4). In this article, we
define preterm newborns (PTNs) as those born before 37 week gestational age (GA); small
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for gestational age (SGA) as neonates with a birth weight less than
the 10th percentile for their GA; low birth weight (LBW) and very
low birth weight (VLBW) as those with birth weight <2,500 and
1,500 g, respectively, and extremely low birth weight (ELBW) as
those with birth weight <1.0 kg.

Preterm newborns and SGA are particularly vulnerable to
the development of hypertension (HT) and chronic kidney
disease (CKD). In the former, there is premature exposure to
the conditions of extrauterine life, in organs that are not yet
prepared for it, where the premature arrest of the development
of the vascular tree results in stiffer and narrower arteries, which
predisposes to glomerular and endothelial damage, structural
alterations due to glomerular hyperfiltration, and increased
systolic blood pressure (SBP) in children and adults (5, 6).
Preterm infants may also have either an appropriate birth weight
for GA or maybe SGA if they experienced superimposed growth
restriction. Such growth restriction per se is also associated
with programming effects in the kidney (7). In SGA infants
who have had intrauterine growth restriction (percentile drop
throughout pregnancy as a consequence of an alteration in
placental circulation), exposure to intrauterine stress generates an
altered “fetal programming,” inducing changes at the molecular
level and in the functioning of systems, with alterations in renal
growth and a decrease in the number of nephrons, which would
increase the incidence of HT, CKD, and the risk of metabolic
alterations, such as insulin resistance. Pregnancies affected by
maternal HT have greater short-term fetal complications, such as
fetal death and SGA, as a consequence of placental insufficiency
due to preeclampsia (8, 9). The association between preeclampsia
and SGA is based on abnormal placental development and
decreased placental perfusion, secondary to alteration of the
maternal spiral arteries, with spontaneous vasoconstriction of
the arteries and placental ischemia, reperfusion-type injury, and
oxidative stress (10, 11) (Figure 1).

PATHOPHYSIOLOGY

Nephrogenesis ends at 36 weeks and the reduction in the
number of nephrons has consequences for renal health. The
number of glomeruli in the normal human embryo increases
from week 10, reaches its largest increase between 18 and 32
weeks and is completed between 32 and 36 weeks (12). Each
normal kidney has an average of 600-800 thousand glomeruli.
Birth weight correlates with the number of glomeruli, estimating
an additional 2,32,217 nephrons in each kidney for each 1kg
of birth weight (13, 14). The number of nephrons is reduced
by factors that restrict intrauterine growth: micronutrient
deficiencies, infections, hypoxia, drugs (nephrotoxic or not,
such as beta-lactams), maternal hyperglycemia, glucocorticoids,
smoking, or alcohol consumption during pregnancy. The
nephron endowment reached at birth will be the one with which
the individual will spend the rest of his or her life (13-16).
According to Brenner’s hyperfiltration theory (17, 18),
humans with a decreased nephron endowment can maintain
a normal GFR as individual nephron hypertrophy to increase
the total surface area available for renal work. Over time, this

adaptive response becomes harmful. The increased glomerular
surface area leads to sodium retention and systemic HT
and glomerular hyperfiltration disrupts renal autoregulatory
mechanisms generating intraglomerular HT (19). These
processes render the nephrons sclerotic and this leads to a
further decrease in the number of nephrons that reduces the
filtration surface, and the remaining nephrons must hypertrophy,
manifesting with microalbuminuria and then proteinuria as
surrogates of hyperfiltration (12). As a consequence, arterial
and glomerular HT is produced, generating glomerulosclerosis,
further reducing the number of nephrons (Figure2). In the
terminal phases of CKD, widespread deposition of extracellular
matrix in the renal interstitium is recognized as a final common
pathway for nephron destruction, resulting from the maladaptive
repair of damaged nephrons (20).

Whereas growth restriction increases disease risk in
all individuals, often a second hit is required to unmask
“programmed” impairments. Programmed disease outcomes
are demonstrated more commonly in male offspring compared
with females, with these sex-specific outcomes partly attributed
to different placenta-regulated growth strategies of the male
and female fetus. An extremely common and severe “second
hit” for women, known to unmask a variety of conditions in
adult life, is pregnancy; it is the greatest physiological “stress
test” that a woman can experience in her life. Females who were
born small are at an increased risk of pregnancy complications
(preeclampsia, gestational diabetes, HT, thyroid, and liver and
kidney diseases). The fetus that developed in the womb may
also have been exposed to suboptimal conditions and may be
programmed to develop the disease in later life, consequences
of being born small due to uteroplacental insufficiency. Male
fetuses grow at a faster rate than do females and this accelerated
growth trajectory makes male fetuses more vulnerable during
disturbed pregnancies, with less favorable outcomes occurring
throughout the life course of the individual. These sexually
dimorphic adaptations are regulated by the placenta. In animal
models (e.g., rats), uteroplacental insufficiency results in LBW
and programs sex-specific offspring dysfunction and deficits that
affect males more than females: development of increased SBP in
adult life. This is despite both sexes having decreased nephron
number, earlier glomerular hypertrophy, and impaired glucose
tolerance, and reduced insulin secretion. Although women are
generally less susceptible to programmed disease development,
under the physiological demands of pregnancy, various disease
states are often unmasked (21).

EFFECTS OF PREMATURITY ON
NEPHROGENESIS

The number of glomeruli is significantly lower in all groups
of preterm infants (22). As 60% of nephrons are formed
during the third trimester, children born preterm have a
significantly lower number of nephrons at birth, which does
not catch up adequately postnatally (7). The progression of
postnatal nephrogenesis, evaluated in autopsies in preterm
infants, evidenced the persistence of glomerulogenesis after
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FIGURE 1 | Pathophysiology of fetal “programming” in SGA infants in relation to the decrease in the number of nephrons and postnatal HT. HIF-1, hypoxia-induced
factor-1; SGA, small for gestational age; VEGF, vascular endothelial growth factor; EPC, neonatal endothelial progenitor cells. Modified from Stritzke et al. (9) and

birth but altered and with a gradual decrease as postnatal
age progressed. Neonates more than 40 days old with acute
kidney injury (AKI) showed lower glomerular counts, unlike
those with longer survival and without renal failure, but had
glomerulomegaly as a compensatory mechanism (23). However,
the development of animal models (surgical renal ablation, renal
fibrosis, or others) would be important for the study of the effects
of prematurity on nephrogenesis (24).

The causes underlying a reduced number of nephrons in
an individual are both genetic and environmental. Ongoing
interaction between genes and the environment from prenatal
to adult life will contribute toward defining the renal potential
of an individual. Signaling molecules and transcription factors
have been implicated in determining segmental nephron identity
and functional differentiation. Whereas some of these genes
(p53 gene family, hepatocyte nuclear factor-1) promote the

terminal epithelial differentiation fate, others (Notch, Brn-1,
IRX, KLF4, and Foxil) regulate the differentiation of specific
nephron segments and cellular types (25). Moreover, epigenetic
changes, characterized by alterations in chromatin structure, lead
to stable and potentially hereditable changes in gene expression.
In particular, DNA methylation has been strongly implicated in
fetal renal development and disease (25).

Studies in clinically stable PTN demonstrate that plasma
creatinine correlates with GA. Plasma creatinine at birth reflects
tubular reabsorption of creatinine. Creatinine increases in the
first 36-92h of life and then gradually decreases. In PTN with
GA <32 weeks, the increase in plasma creatinine is greater and
the decrease more gradual (being greater in those born with
<28 weeks), probably due to a slow progression of glomerular
function and tubular creatinine reabsorption (26). Tubular
creatinine reabsorption may be a physiological phenomenon in

Frontiers in Medicine | www.frontiersin.org

February 2022 | Volume 8 | Article 769734


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Grillo et al.

Small Neonates and CKD

‘ PTN/SGA infants

unit
Nephrotoxic drugs

Neonatal intensive care 1

Infections
Hemodinamic changes |

Altered nutrition
AKI

Nephrocalcinosis Decreased number of

nephrons

Glomerular hyperfiltration ’
Glomerular hypertension |«

Focal glomerular sclerosis

| Post natal life

Y

l ! ]

| Microalbuminuria ‘ Proteinuria

> CKD |

Nephrotoxic drugs

Comorbidities ’

FIGURE 2 | Pathophysiological consequences of altered nephrogenesis in preterm newborns (PTN) and SGA infants.

the “immature” kidney due to slow urinary flow and increased
creatinine leakage along the immature tubular structures (19).

Preterm newborns may present with AKI events (8-24%)
secondary to renal hypoperfusion, asphyxia, respiratory distress
syndrome, nephrotoxic drugs exposure (prenatal or postnatal),
and infections. In addition, PTNs who are SGA are more
vulnerable to renal injury, as SGA has greater nephron depletion
and renal dysfunction (22). Decreased glomerular filtration rate
(GFR) and increased microalbuminuria have been observed in
children and adults who were PTN and SGA, compared with
adult PTN but with adequate weight for GA (22).

Epidemiologic studies have shown that incomplete recovery
from episodes of AKI constitutes a risk factor for progressive
CKD, and CKD, in turn, increases susceptibility to AKI: the
proximal tubule, therefore, becomes a primary target of injury
and progression of CKD (20). Preterm and critically ill newborns
are predisposed to developing AKI because of renal function
immaturity and incomplete nephrogenesis in the early postnatal
period, which can be irreversibly impaired by drug exposure, and
cellular injury to glomeruli or tubules, which may impair repair
capacity and increase susceptibility to renal disease later in life
(7). In the US, 40% of ICU neonates experienced AKI, it was
found that AKI was only recorded in the discharge summary
in 13.5% of infants, and none were referred for nephrology
follow-up (27). This study illustrated the lack of awareness of the
potential long-term impact of neonatal AKI.

On the other hand, PTNs are at risk of extrauterine
growth restriction (EUGR), defined as growth below the 10th
percentile of growth expectancy, generating consequently greater
alterations in nephrogenesis and renal function in adulthood.
A lower GFR was evidenced in children examined at 7 years
of age (preterm <30 weeks whether SGA or EUGR) compared

with children with adequate prenatal and postnatal growth (22).
Both intra- and extrauterine growth restrictions were associated
with reduced GFR. However, rapid “catchup” growth (i.e., an
upward crossing of weight centiles) or increase in BMI leads
to the development of higher blood pressure, insulin resistance,
and cardiovascular risk already in childhood. These findings are
most marked in those who were born small and became relatively
larger (28).

Along the same lines, in children aged 1-7 years with a history
of PTN and SGA, decreased GFR (78 % 26.8 ml/min/1.73 m?),
microalbuminuria (85 £ 187 mg/gr), increased SBP in 21%, and
diastolic blood pressure (DBP) in 37% of patients were observed,
with mean SBP and DBP between 10 and 15 mmHg above
the mean of healthy term newborns. Renal volume increased
until 2.5 years of age and then decreased, implying glomerular
hypertrophy in the first stage and then possibly glomerular
sclerosis (29).

LONG-TERM CONSEQUENCES IN THE
KIDNEY OF THE PRETERM AND SGA
NEONATE

Early renal complications are related to immaturity in tubular
function (tubulopathy of prematurity), presenting inadequate
free water management, electrolyte and acid-base imbalance, and
mineral and protein losses (30). The increase in GFR that occurs
from birth is accompanied by a “parallel” increase in tubular
functions to avoid water and solute losses through urine. The
activity of the Na+ -K+ -ATPase pump is proportional to GA,
which explains the lower reabsorption capacity in PTN <32
weeks (31). Insensible water losses increase in inverse relation

Frontiers in Medicine | www.frontiersin.org

February 2022 | Volume 8 | Article 769734


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Grillo et al.

Small Neonates and CKD

to GA. The kidney is in frank natriuresis, inversely proportional
to GA, and in PTN <35 weeks, the tubule is unable to conserve
sodium. Early onset neonatal hyponatremia in PTNs is secondary
to excess water intake associated with increased antidiuretic
hormone secretion (30, 31). Serum bicarbonate is lower in PTN
(with renal threshold 18 mEq/L) or weight <1,300g (renal
threshold 14 mEq/L); the mechanisms that regulate bicarbonate
absorption and secretion have progressive maturation (31).

Late complications with increased risk of CKD, HT, and
hypercalciuria in adulthood, are more evident in those PTNs
who were born SGA as a consequence of intrauterine growth
restriction secondary to placental insufficiency.

ARTERIAL HT

There is an inverse relationship between birth weight and systolic
HT in adolescence (32, 33). A study by Mhanna et al. evaluated
blood pressure, obesity, and weight gain as risk factors for HT in
204 patients over 3 years of age, who had been born weighing
<1,000g, with GA of 26 weeks (34). In this population, they
found a prevalence of HT of 7.3%, associated with an increase
in the body mass index (BMI) and with higher weight gain
from birth.

Along the same lines, in another study, over 6,269 PTNs,
528 were SGA and had a higher risk of HT, with the incidence
being higher with smaller fetal size. When compared to PTN with
adequate birth weight for GA, the SGA had an increased risk of
HT of 54% (35).

The risk of presenting HT is also maintained in adulthood. A
meta-analysis including preterm-born adults concluded that the
mean difference between preterm-born adults and controls was
4.2 mmHg for SBP and 2.6 mmHg for DBP. In another meta-
analysis of 1,571 adults born with VLBW (< 1,500g) vs. 777
full-term controls, mean blood pressure averages were higher for
subjects <1,500 g; they had 3.4 mmHg higher SBP and 2.1 mmHg
higher DBP than controls. The only perinatal event associated
with higher blood pressure was maternal preeclampsia (36).
These differences are considerable given that, at the population
level, it is estimated that a 2 mmHg reduction in SBP results in a
7 to 14% reduction in mortality from ischemic heart disease and
a9 to 19% reduction in mortality from stroke (35-37).

In PTN and SGA patients, a history of breastfeeding was a
protective factor for the development of arterial HT; subjects with
a birth weight under 2,500g who were breastfed had a lower
prevalence of HT (38). Both breastfeeding during the first months
of life and avoiding rapid weight gain in childhood have been
shown to prevent the later risk of obesity and dyslipidemia and
reduce glucose tolerance (7).

CHRONIC KIDNEY DISEASE

Reduced nephron endowment and neonatal AKI contribute to
the development, HT, and kidney disease (39-42).

Renal function was compared in adolescents born with a
history of SGA and mean GA of 27.8 weeks and mean weight of
1,048 g, with adolescents of the same age born at term and birth

weight adequate for GA. Whereas there were no differences in
blood urea or creatinine values, preterm-born adolescents had
a significantly lower GFR compared with term neonates (126.2
vs. 134.3 mL/min/1.73 m?). Microalbuminuria was found in 7%
of PTN patients, especially in women or in those with a high
BMI (40). A meta-analysis, which included more than 2 million
individuals, found that a history of SGA was associated with an
80% increased likelihood of microalbuminuria. Another study
described a 6.3% increase in the urine albumin-creatinine ratio
for every 100 g reduction in birth weight (41, 43).

In adults, the incidence of CKD under 43 years of age, who
were born PTN, was evaluated in a large cohort study in Sweden.
Of the 4,305 participants, 0.1% had a diagnosis of CKD with the
overall incidence rate being 4.95 per 100,000 person-years at all
ages examined. The incidences per GA at birth were 9.24 for
PTN, 5.90 for early term neonates (37-38 weeks), and 4.47 for
full-term neonates (39-41 weeks); PTN and early term neonates
had two times the risk of CKD compared with full-term neonates.
Moreover, GA was inversely related to CKD risk, with the risk
being higher in PTNs and SGA; this association was stronger for
the development of CKD in childhood and was maintained in
adulthood (44). We can hypothesize that the possibility of CKD
will be higher in the extremely preterm neonate (<28 weeks)
and very preterm (28-32 weeks) compared with moderate to
late preterm (32-37 weeks) since they are born in the period
of exponential nephrogenesis and exposed to several risk factors
that can compromise its correct development.

A Norwegian birth registry study showed that birth weight
less than the 10th percentile for the population was associated
with a relative risk of 1.7 for end-stage kidney disease (ESKD)
during the first 38 years of life, where LBW was associated
with an increased risk of ESKD due to any cause (congenital
malformations, hereditary diseases, and glomerular diseases) (45,
46). An investigation in a subgroup aged 18-42 years, excluding
subjects with congenital renal disease, found that LBW per se
was not significantly associated with developing ESKD, but being
SGA was. In this Norwegian study among those 18-42 years
old, being SGA (birth weight less than 10th percentile for GA)
was significantly associated with the risk of ESKD, and the
effect was much stronger in those born preterm with SGA than
those born at term with SGA (RRs of ESKD of 4.02 and 1.41,
respectively). These population level data suggest that both SGA
and prematurity are important risk factors and likely potentiate
each other’s effects, with preterm SGA infants being at the highest
risk. (45, 47) On the other hand, renal risk in children born
preterm was similar between appropriate GA and SGA and also
between VLBW and LBW (25).

EVALUATION, DIAGNOSIS, AND
PREVENTION

There are currently no guidelines to identify infants at increased
risk of developing CKD due to a low number of nephrons, either
congenital or acquired.

However, children and adults who were PTN or SGA need
long-term follow-up and early preventive actions to help preserve
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renal function and CKD. Clinical follow-up should be structured
according to greater or lesser risk of developing CKD in the
future with the participation of pediatricians and pediatric
nephrologists with varying degrees of intervention (48). On
the other hand, obstetricians should monitor fetal development,
avoiding all risk factors for prematurity and SGA, in close contact
with neonatologists (Figure 1).

These interventions should include counseling the parents
and then the older patient on how to avoid potentially
nephrotoxic drugs exposures (antiinflammatory, antibiotics) (49,
50), other aggravating factors (such as dehydration and urinary
tract infection), and control of risk factors for CKD progression
(obesity, HT, diabetes, dyslipidemia, anemia, and smoking). HT
is an important risk factor for the development of CKD, and
effective blood pressure control has been shown to delay the
progression of CKD (49). Another risk factor is AKI during the
perinatal period with a prevalence between 12.5 and 39.8% in
PTN <1,500¢g (51), and with progression to subsequent CKD
between 10 and 50% (52).

Early detection of potential indicators of hyperfiltration,
such as impaired renal reserve, blunted solute clearance, and
microalbuminuria, may provide subtle clues to the presence of
reduced nephron number (25).

One follow-up option proposed is as follows in all visits for BP
controls, assess growth parameters including BMI, and perform
family education on the potential risk of CKD, and continue

this follow-up until after adolescence and adulthood (49). BP
control should begin before 1 year of age (48) and in children over
5 years of age, control with annual ambulatory blood pressure
monitoring should be performed (5, 48).

At 6 months after discharge from the neonatal intensive care
unit, it is suggested that laboratory tests with serum creatinine
and/or cystatin C, and microalbuminuria be performed, and then
the periodicity of these tests should be adjusted according to these
results or the appearance of comorbidities: history of AKI in the
neonatal period or during infancy, HT, obesity, and ultrasound
abnormalities. In these cases, blood and urine laboratory controls
should be performed annually (48, 49) (Figure 3).

The development of nephrocalcinosis in PTNs confers an
additional risk for CKD. Nephrocalcinosis in PTN <32 weeks
and birth weight <1,500 g has a reported prevalence of 7-64%
(53), with a resolution of up to 75% within the first year of life
(48, 53).

Although some studies describe alterations renal
size on ultrasound monitoring (small kidneys in preterm
patients), there is no evidence to indicate systematic
ultrasound monitoring. However, baseline ultrasound is
recommended to detect small kidneys, renal asymmetries, or
structural alterations.

From the age of 18 years, BP, BMI, serum creatinine, and
microalbuminuria should be monitored two times a year until
the age of 40 years and then annually (7, 48, 49).

in
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Regarding nutritional recovery, rapid growth (catchup)
should be avoided to prevent exacerbation of the renal and
cardiovascular risk associated with obesity (44, 45). From
childhood onward, an adequate “nephroprotective” dietary
pattern should be followed, consisting of a reduction in
sodium, carbohydrates, saturated fats, and avoidance of excess
protein, combined with increased physical activity and restraint
of smoking.

Postnatal catchup growth is encouraged in PTNs and SGA
in developing countries with the aim of improving resistance to
infections, reducing stunting, malnutrition, and reaching normal
neurodevelopment. However, this rapid growth can be linear,
or present with unbalanced growth in weight and height, with
risk of obesity and HT in adulthood (54, 55). Thus, the rapid
and continuous upward crossover of weight percentiles during
early childhood, with increasing BMI, has been associated with
an increased risk of obesity, HT in adulthood, and progression
to CKD in PTN, being more accelerated in those who develop
obesity (50). HT should be treated aggressively, and in case of
microalbuminuria and/or proteinuria, inhibitors of the renin-
angiotensin axis should be indicated.

The importance of this very close follow-up will be to
implement treatment in the early stages of CKD (1 o 2, cl > 60
ml/min/1.73 m?).

The role of strategies played in the clinical management
of neonatal intensive therapies in the development of CKD is
largely unexplored. Patients are often exposed to medications
or situations that compromise nephrogenesis and frequently
experience AKI. In recent years, results from the Assessment
of Worldwide Acute Kidney Epidemiology in Neonates
(AWAKEN) cohort studies have shown the importance of
prevention and early detection of AKI given its association with
long-term problems (56). If these are independent risk factors
for CKD, avoiding nephrotoxins and decreasing the incidence of
AKI could lead to better long-term outcomes.
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Objective: SLC712A3 (solute carrier family 12 member 3) gene variants are associated
with diabetic nephropathy; however, their association with hypertensive nephropathy
remains unknown. We aimed to investigate the association between SLC72A3 gene
polymorphisms and renal function in patients with hypertension.

Methods: Participants from three non-diabetic hypertensive cohorts, including
young-onset hypertension (cohort 1, n = 882), treatment-naive hypertension (cohort 2,
n = 90), and follow-up cohort (cohort 3, n = 166), underwent genotyping for single
nucleotide polymorphisms in SLC712A3. Renal events were defined as a >25 and >50%
decline in estimated glomerular filtration rate (eGFR).

Results: In cohort 1, SLC12A3 rs16963397 C/C or C/G (P = 0.005), rs13334864 C/C
or C/T (P = 0.020), and rs7187932 A/A or A/G polymorphisms (P = 0.014) had higher
eGFRs compared to their counterparts, with similar findings observed in cohort 2. In
cohort 3, over a mean follow-up of 5.8 + 1.7 years, participants with either SLC12A3
rs16963397 C/C or rs13334864 C/C polymorphisms had more >25 and >50% eGFR
decline than their counterparts (log-rank test, P = 0.058 and P = 0.038, respectively).
Cox regression analysis revealed that SLC72A3 rs16963397 C/C and rs13334864 C/C
polymorphisms were significantly associated with an increased risk of >25% [hazard ratio
(HR), 3.294; 95% confidence interval (CI), 1.158-9.368; P = 0.025] and >50% decline
in eGFR (HR, 18.630; 95% Cl, 1.529-227.005, P = 0.022) than their counterparts.

Conclusion: SLC72A3 polymorphisms are associated with renal function in Chinese
patients with hypertension.

Keywords: glomerular filtration rate, glomerular hyperfiltration, hypertension, hypertensive nephropathy, SLC12A3
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SLC12A83 and Hypertensive Nephropathy

INTRODUCTION

Hypertension is an important public health challenge worldwide
(1, 2). More than one-fourth of the global adult population has
hypertension, and its incidence is rising (3). Hypertension is
one of the most important factors for chronic kidney disease
(CKD) and end stage renal disease (ESRD), and the importance
of hypertension management in renal protection cannot be
overemphasized (4, 5).

The SLCI2A3 (solute carrier family 12 member 3) gene
is located on chromosome 16 (16q13). SLCI2A3 encodes the
thiazide-sensitive Na-Cl cotransporter (NCC) in the luminal
membrane of the distal convoluted tubule (6, 7). Mutations
in NCC have been reported to be responsible for Gitelman’s
syndrome (8, 9), an autosomal recessive renal tubular disorder
characterized by hypokalemia, hypomagnesemia, hypocalciuria,
and metabolic alkalosis. It has also been reported that SLC12A3
polymorphism is linked to the effects of thiazide diuretics (10).

Several studies have reported a link between SLCI2A3
gene variants and diabetic nephropathy (11-18). However,
the association between genetic variations in SLCI2A3 and
hypertensive nephropathy remains unknown. Therefore, we
aimed to investigate the role of SLCI2A3 gene polymorphisms
on renal function in non-diabetic hypertensive patients in a
Chinese population.

MATERIALS AND METHODS
Study Population

The study involved three non-diabetic hypertensive cohorts,
including a young-onset hypertension (YOH) cohort (cohort
1), a treatment-naive cohort (cohort 2), and a follow-up cohort
(cohort 3) (Figure 1).

In cohort 1, non-diabetic participants with YOH were
recruited from six medical centers in Taiwan between 2004 and
2005. The inclusion criteria were as follows: age 20-50 years;
subjects who met one of the following criteria: (i) subject’s systolic
blood pressure (SBP) > 140 mmHg or diastolic blood pressure
(DBP) >90 mmHg in at least two consecutive visiting 2 months,
(ii) subject taking one anti-hypertensive medication in 2 months;
body mass index (BMI) < 35 kg/m?; fasting glucose level < 126
mg/dL with no diabetes mellitus; no medical history of severe
diseases; and no acute disease in the 2 weeks prior to the visit.
Participants with secondary hypertension were excluded from the
study (19).

In cohort 2, participants with newly diagnosed hypertension
who were previously untreated were prospectively included in the
study if all of the following criteria were fulfilled: age > 25 years;
a sitting office SBP of 140-180 mmHg and/or a DBP of 90-110
mmHg on three different occasions within 3 months before the
study, fasting plasma sugar level <126 mg/dL with no diabetes
mellitus, and no clinical evidence of secondary hypertension.
Participants with the following characteristics were excluded:
current use of antihypertensive drugs; history of major systemic
disease in the 3 months prior to the study; renal dysfunction
with a plasma creatinine level of >1.7 mg/dL; liver dysfunction
with liver enzyme activity of more than double the normal upper

limit; congestive heart failure with New York Heart Association
function class II-IV; and pregnancy.

In cohort 3, participants diagnosed with hypertension from
February 2012 to December 2020 at the Taipei Veteran General
Hospital were included. The inclusion criteria were as follows:
age > 20 years; essential hypertensive patients; no medical history
of severe diseases; and no acute disease in the 2 weeks prior to the
study. Participants with secondary hypertension were excluded
from the study (20). Only participants without diabetes mellitus
were included in the present study.

The study protocols were approved by the Ethics Committee
of the Academic Sinica and Taipei Veterans General Hospital.
All participants agreed to participate after being informed of the
nature and purpose of the study. This study was conducted in
accordance with the principles of the Declaration of Helsinki.

Study Design
A flow chart of the study is presented in Figure 1. This study
was conducted using three non-diabetic hypertensive cohorts.
In cohorts 1 and 2, two cross-sectional cohorts, the association
between SLCI2A3 polymorphisms and renal function was
investigated in participants with YOH (cohort 1) and treatment-
naive hypertension (cohort 2). In cohort 3, a longitudinal
cohort, the potential impact of SLC12A3 polymorphisms on renal
function decline was investigated in participants with essential
hypertension. Renal function was assessed every 3 months.
Prescribed antihypertensive agents were recorded, including
angiotensin-converting enzyme inhibitors (ACEIs), angiotensin
receptor blockers (ARBs), beta-blockers, calcium channel
blockers (CCBs), and thiazide diuretics. All participants
underwent genotyping for single nucleotide polymorphisms
(SNPs) in the SLC12A3 gene.

Blood Pressure Measurements
Office BP was measured according to a standardized protocol
by a well-trained nurse with an electronic BP monitor (cohort
1, Omega 1400 NBP, Invivo Research Inc., Orlando, FL, USA;
cohorts 2 and 3, Omron HEM-7121, Omron Healthcare Taiwan
Co., Songshan, Taipei, Taiwan, ROC) in the morning after
participants had been instructed to sit for 10 min in a quiet room.
Three consecutive BP measurements were obtained from the
same upper arm, with each measurement taken at 30-s intervals.
For ambulatory BP monitoring (ABPM), participants were
connected to an ABPM device between 08:00 and 10:00 h. The
device was programmed to record BP every 15min between
06:00 and 22:00 h (daytime BP), and every 30 min from 22:00 to
0600 h (nighttime BP).

Laboratory Measurements

Blood samples were collected in the morning after overnight
fasting. All blood samples were sent to the central laboratory
for analysis. The participants were instructed to take all routine
medications, as they normally would. The blood samples were
centrifuged, and the serum was thawed for analysis. The
estimated glomerular filtration rate (eGFR) was calculated using
the four-variable equation proposed by the Modification of Diet
in Renal Disease Study (21).
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FIGURE 1 | Flow chart of the study.

Twenty-Four-Hour Urine Collection

In cohort 1, every participant was provided with a urine sample
container. Urine samples were collected over a 24-h period by
a well-trained nurse. Complete oral and written guidance about
urine specimen collection, transportation, and preservation were
also provided. On the day of urine collection, the participants
were required to follow their daily diet habits, and they were
advised to avoid strenuous exercise in order to reduce sweating.
The participants were required to discard the first voided urine
upon waking up in the morning and to collect all voided urine
during the subsequent 24 h, including the first void sample of the
following morning. Upon completion of collection, a well-trained
nurse recorded the urine volume in each collection container
to determine the total urine volume during the 24-h collection
period. All urine samples were sent to a central laboratory to

determine the levels of urinary sodium, potassium, chloride,
and creatinine.

Selection of Candidate Gene

The SLCI12A3 gene was evaluated in this study. We searched for
SNPs in the gene using the NCBI SNP database (http://www.
ncbi.nlm.nih.gov/SNP/) and selected SNPs with a minor allele
frequency >0.05 as the genotyping markers. We investigated six
tag SNP markers in the introns of the SLCI2A3 gene, including
rs16963397, rs13334864, rs7187932, rs12449275, rs12447287,
and rs1138429.

Genotyping
A total of 20 cc of blood was collected from each participant.
Genomic DNA was isolated from peripheral lymphocytes using
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TABLE 1 | Baseline characteristics of the participants.

Cohort 1 Cohort 2 Cohort 3
Patient number, n 882 90 166
Age, years 409+7.2 53.7 £ 12.9 68.5+129
Male, n (%) 609 (69.0%) 45 (50.0%) 99 (59.6%)
BMI, kg/m? 26.5+ 3.5 258438 259+ 3.8
Office SBP, mmHg 1291+ 146 1436+172 1305+17.3
Office DBP, mmHg 86.2 + 11.6 93.0 +12.3 80.0 + 11.1
ACEI/ARB, n (%) 377 (42.7%) - 102 (61.4%)
Beta-blocker, n (%) 398 (45.1%) - 44 (26.5%)
CCB, n (%) 369 (41.8%) - 115 (69.3%)
Thiazide, n (%) 143 (16.2%) - 57 (34.3%)
eGFR, mL/min/1.73 m? 101.9+20.8 106.7 £23.2 84.2+22.2
Creatinine, mg/dL 0.8+0.2 0.7+0.2 09+0.2
Mean follow up duration, years — — - 58+ 1.7

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI,
body mass index; CCB, calcium channel blocker; DBR, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; SBF, systolic blood pressure.

the phenol/chloroform extraction method. SNP genotyping
was performed using high-throughput matrix-assisted laser
desorption and ionization-time of flight (MALDI-TOF) mass
spectrometry. Briefly, primers and probes were designed
using SpectroDESIGNER  software (Sequenom, San Diego,
California, USA). Multiplex PCRs were performed, and
unincorporated ddNTPs were dephosphorylated using shrimp
alkaline phosphatase (Hoffman-LaRoche, Basel, Switzerland),
followed by primer extension. The purified primer extension
reaction was spotted onto a 384-element silicon chip (Spectro-
CHIP, Sequenom) and analyzed using an autoflex MALDI-TOF
SpectroREADER mass spectrometer (Sequenom); the resulting
spectra were processed with SpectroTYPER (Sequenom). The
people who performed the genetic study were blinded to the
clinical data of the study subjects.

Renal Outcomes
The participants in cohort 3 were followed up to assess renal
function decline. Renal events during the follow-up period were
defined as minor nephropathy, >25% decline in eGFR, and major
nephropathy, >50% decline in eGFR; these definitions have been
used previously (20, 22).

Statistical Analysis
The participant characteristics were summarized using
descriptive statistics. Quantitative variables are expressed as the
mean =+ standard deviation (SD), and categorical variables are
expressed as frequencies (percentages). Parametric continuous
data between different groups were compared using Student’s
t-test. Non-parametric data between different groups were
compared using the Mann-Whitney test. Categorical variables
were analyzed using the chi-square test or Fisher’s exact test.

In cohort 1, genetic association analyses were conducted using
a general linear model to evaluate the relationship between
eGFR and additive, dominant, and recessive model assumptions.

Statistical significance was determined according to the lowest P-
value (P < 0.05) in the three models. Multivariate analysis was
performed using linear regression after adjusting for potential
confounding factors, including age, sex, BMI, office BP > 140/90
mmHg, ACEI/ARB, beta-blocker, CCB, thiazide diuretics, and
baseline eGFR.

In cohort 3, survival analysis was assessed using the Kaplan-
Meier curve, with significance based on the log-rank test. Cox
proportional hazard regression analysis was performed to assess
the independent effects of SLCI2A3 polymorphism and renal
outcomes. The adjusted hazard ratios (HRs) with 95% confidence
intervals (CIs) were estimated after adjusting for potential
confounding factors, including age, sex, BMI, office BP > 140/90
mmHg, ACEI/ARB, beta-blocker, CCB, thiazide diuretics, and
baseline eGFR.

Statistical significance was defined as a two-sided P < 0.05.
Statistical analysis was performed using SPSS software (Version
21.0, SPSS Inc., Chicago, IL, USA).

RESULTS

SLC12A3 Polymorphisms and Renal

Function in Patients With YOH: Cohort 1

In cohort 1, 882 non-diabetic participants with YOH were
genotyped for SLCI2A3. The mean age of the participants was
40.9 & 7.2 years, and ~69.0% were men. The average BMI of the
participants was 26.5 & 3.5 kg/m?, the mean SBP was 129.1 +
14.6 mmHg, and the mean DBP was 86.2 &= 11.6 mmHg. The use
of antihypertensive agents included ACEIs/ARBs (42.7%), beta-
blockers (45.1%), CCBs (41.8%), and thiazide diuretics (16.2%).
The serum creatinine level was 0.8 £ 0.2 mg/dL, and the eGFR
was 101.9 & 20.8 mL/min/1.73 m? (Table 1, Figure 1).

The genetic information regarding the SLCI2A3
polymorphisms in cohort 1 is presented in Table2. Of the
six SNPs in SLCI2A3, rs16963397 (r = 0.094, P = 0.005),
rs13334864 (r = 0.078, P = 0.020), and rs7187932 (r = 0.083, P
= 0.014) polymorphisms were associated with eGFR (Table 2).

Overall, participants with SLCI2A3 1516963397 C/C or C/G
polymorphisms, rs13334864 C/C or C/T polymorphisms, and
rs7187932 A/A or A/G polymorphisms had higher eGFR and
higher 24-h urine sodium excretion than their counterparts
(Supplementary Tables 1-6).

Multivariate linear regression revealed that SLCI2A3
rs16963397 C/C or C/G polymorphisms (B = 3.183, 95% CI
= 0.547-5.818, P = 0.018), SLCI12A3 rs13334864 C/C or C/T
polymorphisms (B = 2.784, 95% CI = 0.180-5.388, P = 0.036),
and SLCI2A3 rs7187932 A/A or A/G polymorphisms (f = 2.778,
95% CI = 0.133-5.423, P = 0.040) were independently associated
with eGFR (Table 3).

SLC12A3 Polymorphisms and Renal
Function in Patients With Treatment-Naive
Hypertension: Cohort 2

Cohort 2 comprised 90 non-diabetic participants with treatment-
naive hypertension. The mean age of the participants was 53.7
+ 12.9 years, and ~50.0% were men. The average BMI of
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TABLE 2 | Association of individual SLC12A3 gene variants and estimated glomerular filtration rate (cohort 1).

SNP Position Role Genotype Frequency Allele MAF HWE r P-value
rs16963397 chr16:56927441 Intron C/C 55 (6.2%) G:C 0.244 0.636 0.094 0.005
C/G 320 (36.3%)
G/G 507 (57.5%)
rs13334864 chr16:56929841 Intron C/C 131 (14.9%) T.C 0.406 <0.001 0.078 0.020
C/T 325 (36.8%)
/T 426 (48.3%)
rs7187932 chr16:56931704 Intron A/A 63 (7.1%) G:A 0.245 0.073 0.083 0.014
AG 307 (34.8%)
G/G 512 (58.0%)
rs12449275 chr16:56937855 Intron AA 35 (4.0%) G:A 0.124 <0.001 0.044 0.188
AG 148 (16.8%)
G/G 699 (79.3%)
rs12447287 chr16:56937998 Intron C/C 43 (4.9%) T.C 0.145 <0.001 0.054 0.109
C/T 170 (19.3%)
/T 669 (75.9%)
rs1138429 chr16:56942921 Intron A/A 626 (71.0%) AT 0.162 0.091 0.025 0.461
AT 226 (25.6%)
/T 30 (3.4%)
HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; r, correlation coefficient; SNF, single nucleotide polymorphisms.
Alleles shown are major:minor.
TABLE 3 | Multivariate analysis for estimated glomerular filtration rate (cohort 1).
Model 1 Model 2
B (95% CI) P-value B (95% CI) P-value
rs16963397 (C/C or C/G vs. G/G) 3.071 (0.464-5.679) 0.021 3.183 (0.5647-5.818) 0.018
rs13334864 (C/C or C/T vs. T/T) 2.701 (0.119-5.283) 0.040 2.784 (0.180-5.388) 0.036
rs7187932 (A/A or A/G vs. G/G) 2.649 (0.034-5.264) 0.047 2.778 (0.133-5.423) 0.040

B, unstandardized coefficient; CI, confidence interval.
Model 1: Adjusted for age and male.

Model 2: Adjusted for age, male, BMI, office BP > 140/90 mmHg, ACEI/ARB, beta-blocker, CCB, and thiazide.

the participants was 25.8 4+ 3.8 kg/m?, the mean SBP before
treatment was 143.6 £ 17.2 mmHg, and the mean DBP before
treatment was 93.0 & 12.3 mmHg. The serum creatinine level was
0.7 £ 0.2 mg/dL and the eGFR was 106.9 & 23.0 mL/min/1.73 m?
(Table 1, Figure 1).

Opverall, participants with SLCI12A3 rs16963397 C/C or C/G
polymorphisms, rs13334864 C/C or C/T polymorphisms, and
rs7187932 A/A or A/G polymorphisms had lower serum
creatinine and/or higher eGFR than their counterparts
(Supplementary Tables 7-12).

SLC12A3 Polymorphisms and Renal

Function Decline: Cohort 3

In cohort 3, 166 participants with non-diabetic hypertension
were included. The mean age of the participants was 68.5 &= 12.9
years, and approximately 59.6% were men. The average BMI of
the participants was 25.9 =+ 3.8 kg/m?, the baseline SBP was 130.5
+ 17.3 mmHg, and the baseline DBP was 80.0 &= 11.1 mmHg.
The antihypertensive agents used included ACEIs/ARBs (61.4%),

beta-blockers (26.5%), CCBs (69.3%), and thiazide diuretics
(34.3%). The renal function of the participants upon enrollment
was generally not impaired (serum creatinine level of 0.9 & 0.2
mg/dL and eGFR of 84.2 £ 22.2 mL/min/1.73 m?) (Table 1,
Figure 1).

Overall, the baseline renal function, either eGFR or serum
creatinine, was similar between participants with different
SLCI12A3 polymorphisms (Supplementary Tables 13-18).

During an average follow up period of 5.8 £ 1.7 years,
>25% decline in eGFR was noted in 40 hypertensive participants
and >50% decline in eGFR was noted in 8 hypertensive
participants. Survival was assessed using Kaplan-Meier analysis.
Participants with SLC12A3 rs16963397 C/C polymorphism had
more >25 and >50% eGFR decline than those with C/G or
G/G polymorphisms, respectively (log-rank test, P = 0.058 and
P = 0.038, respectively) (Figures 2A,B). Participants with the
SLCI2A3 rs13334864 C/C polymorphism had more >25 and
>50% eGFR decline than those with C/T or T/T polymorphisms
(log-rank test, P = 0.058 and P = 0.038, respectively). The
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FIGURE 2 | Kaplan-Meier survival curves showing the absence of renal events with respect to SLC12A3 rs16963397 polymorphisms in patients with hypertension in
cohort 3. All participants were divided into two groups according to SLC12A3 rs16963397 polymorphisms. In panel A and B, the blue line represents the patient
group with SLC12A3 rs16963397 C/C polymorphisms, and the green line represents the group with SLC12A3 rs16963397 C/G or G/G polymorphisms. Renal events
were defined as >25% decline and >50% decline in estimated glomerular filtration rate (€GFR). Differences were compared using the log-rank test. (A) SLC72A3
rs16963397 polymorphisms (C/C vs. C/G or G/G) and >25% decline in eGFR (P = 0.058). (B) SLC12A3 rs16963397 polymorphisms (C/C vs. C/G or G/G) and
>50% decline in eGFR (P = 0.038). The findings of SLC12A3 rs16963397 C/C and SLC12A3 rs13334864 C/C polymorphisms were the same.
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findings of SLC12A3 rs16963397 C/C and SLCI2A3 rs13334864
C/C polymorphisms were the same. Participants with the
SLCI12A3 rs7187932 A/A polymorphism had similar >25 and
>50% eGFR decline to those with A/G or G/G polymorphisms
(log-rank test, P = 0.340 and P = 0.298, respectively).

Cox regression analysis revealed that the SLC12A3 rs16963397
C/C and rs13334864 C/C polymorphisms were significantly
associated with an increased risk of >25% decline in eGFR (HR,
3.294; 95% CI, 1.158-9.368; P = 0.025) and >50% decline in
eGFR (HR, 18.630; 95% CI, 1.529-227.005; P = 0.022) than their
counterparts (Table 4). The findings of SLC12A3 rs16963397 C/C
and SLCI12A3 rs13334864 C/C polymorphisms were the same.

DISCUSSION

This study aimed to examine the association between SLC12A3
polymorphisms and renal function in Chinese patients with
hypertension. To decrease the potential impact of diabetes
mellitus, a well-known factor of renal dysfunction, this study
was only conducted in non-diabetic participants. Furthermore,
the association was tested in three cohorts, including a YOH
cohort (cohort 1), a treatment-naive cohort (cohort 2), and a
follow-up cohort (cohort 3). SLC12A3 rs16963397, rs13334864,
and rs7187932 polymorphisms were found to be associated with
eGFR in YOH and treatment-naive hypertension. Furthermore,
SLCI2A3 1516963397 and rs13334864 polymorphisms were
associated with renal function decline in participants with

hypertension. As this is the first study to report the association
between SLCI2A3 polymorphisms and renal function in patients
with hypertension, further studies are still needed to further
confirm our findings.

Although there have been some genetic studies of
hypertensive nephropathy, these studies have mainly focused
on the apolipoprotein L1 (APOLI) gene (23). Lipkowitz et al.
reported that APOLI risk variants were significantly associated
with CKD and kidney disease progression in African-American
participants of the African American Study of Kidney Disease
and Hypertension (AASK) trial (23). Parsa et al. further
examined the effects of APOLI risk variants on CKD progression
in the AASK trial and Chronic Renal Insufficiency (CRIC) study.
The study found that APOLI risk variants were associated with
higher rates of ESRD and progression of CKD in black patients
compared to that in white patients (24). These findings suggest
that genes other than APOLI might be related to hypertensive
nephropathy in other non-African American populations.

Several studies have reported a link between SLCI2A3 gene
variants and diabetic nephropathy (11-18). In a case-control
study conducted in Japanese patients with diabetes, Tanaka
et al. (11) reported that substitution of Arg913 with Gln
in the SLCI2A3 gene might reduce the risk of developing
diabetic nephropathy. In another case-control study conducted
in Korean patients with diabetes, Kim et al. (12) reported that
the SLCI2A3-Arg913GlIn variation was associated with ESRD
caused by diabetic nephropathy. Moreover, in a case-control
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TABLE 4 | SLC12A3 gene polymorphisms and renal function decline (cohort 3).

eGFR > 25% decline eGFR > 50% decline

HR (95% CI) P-value HR (95% CI) P-value
SLC12A3 rs16963397 (C/C vs. C/G or G/G) 3.294 (1.158-9.368) 0.025 18.630 (1.529-227.005) 0.022
Age, years 1,037 (1.005-1.070) 0.021 1.114 (0.974-1.273) 0.115
Sex (male vs. female) 0.423 (0.211-0.847) 0.015 0.078 (0.008-0.797) 0.031
Body mass index, kg/m? 1,051 (0.967-1.142) 0.243 1.012 (0.810-1.264) 0.917
Office BP > 140/90 mmHg 2.374 (1.210-4.655) 0.012 11.821 (1.558-89.687) 0.017
ACEI/ARB (yes vs. no) 0.814 (0.384-1.726) 0.591 0.244 (0.038-1.561) 0.136
Beta-Blocker (yes vs. no) 1.351 (0.665-2.746) 0.406 4.316 (0.734-25.376) 0.106
CCB (yes vs. no) 1,632 (0.709-3.756) 0.250 0.312 (0.038-2.554) 0.277
Thiazide (yes vs. no) 0.849 (0.387-1.861) 0.682 10.640 (1.535-73.734) 0.017
eGFR, mL/min/1.73 m? 1.041 (1.025-1.057) <0.001 1.045 (1.001-1.092) 0.045
SLC12A3 rs13334864 (C/C vs. C/T or T/T) 3.294 (1.158-9.368) 0.025 18.630 (1.529-227.005) 0.022
Age, years 1,037 (1.005-1.070) 0.021 1.114 (0.974-1.273) 0.115
Sex (male vs. female) 0.423 (0.211-0.847) 0.015 0.078 (0.008-0.797) 0.031
Body mass index, kg/m? 1.051 (0.967-1.142) 0.243 1.012 (0.810-1.264) 0.917
Office BP >140/90 mmHg 2.374 (1.210-4.655) 0.012 11.821 (1.558-89.687) 0.017
ACEI/ARB (yes vs. no) 0.814 (0.384-1.726) 0.591 0.244 (0.038-1.561) 0.136
Beta-blocker (yes vs. no) 1.351 (0.665-2.746) 0.406 4.316 (0.734-25.376) 0.106
CCB (yes vs. no) 1,632 (0.709-3.756) 0.250 0.312 (0.038-2.554) 0.277
Thiazide (yes vs. no) 0.849 (0.387-1.861) 0.682 10.640 (1.535-73.734) 0.017
eGFR, mL/min/1.73 m? 1.041 (1.025-1.057) <0.001 1.045 (1.001-1.092) 0.045
SLC12A3 rs7187932 (G/G vs. A/A or A/G) 2.408 (0.679-8.539) 0.174 6.103 (0.499-74.585) 0.157
Age, years 1.038 (1.006-1.070) 0.019 1.084 (0.967-1.215) 0.168
Sex (male vs. female) 0.436 (0.218-0.872) 0.019 0.146 (0.021-1.023) 0.053
Body mass index, kg/m? 1.041 (0.958-1.131) 0.348 0.978 (0.791-1.208) 0.835
Office BP >140/90 mmHg 2.314 (1.188-4.50) 0.014 8.275 (1.266-54.083) 0.027
ACEI/ARB (yes vs. no) 0.867 (0.408-1.843) 0.710 0.380 (0.066-2.192) 0.279
Beta-blocker (yes vs. no) 1.294 (0.638-2.622) 0.475 2.906 (0.561-15.067) 0.204
CCB (yes vs. no) 1.719 (0.748-3.948) 0.202 0.519 (0.079-3.426) 0.496
Thiazide (yes vs. no) 0.889 (0.407-1.942) 0.768 7.634 (1.301-44.806) 0.024
eGFR, mL/min/1.73 m? 1.041 (1.025-1.057) <0.001 1.037 (0.997-1.080) 0.071

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; Cl, confidence interval; eGFR, estimated glomerular filtration rate; HR,

hazard ratio; BR, blood pressure.

study conducted in a Malaysian population, Abu Seman et al. (13)
reported that the SLCI2A3-Arg913Gln variation was associated
with diabetic nephropathy, and that the minor 913Gln allele
of SLCI2A3 confers a protective effect in diabetic nephropathy.
The roles of SLC12A3 in kidney development and progression
of diabetic nephropathy were further supported by animal
studies in db/db mice and zebrafish. Similarly, two case-control
studies also reported that SLC12A3-Arg913Gln variation was
significantly associated with diabetic nephropathy in the Indian
population (14, 15). Furthermore, a previous case-control study
(16) also reported that the SLC12A3-Arg913Gln variation could
be used to predict the risk of ESRD in Chinese patients with
type 2 diabetes. In a 10-year longitudinal study of Japanese
patients with type 2 diabetes, Nishiyama et al. (17) reported
that the SLC12A3-Arg913Gln variation was linked with albumin
excretion, and that the +78A allele may be protective against the

development of diabetic nephropathy. However, in a case-control
study conducted in Caucasians with type 2 diabetes, Ng et al.
(18) found no association between SLCI2A3 gene variants and
advanced diabetic nephropathy. Although the SLC12A3 gene was
found to be associated with diabetic nephropathy in some studies,
the findings were not consistent with those of other studies. It is
possible that the roles of SLC12A3 in the progression of diabetic
nephropathy are influenced by genetic differences.

Our study is the first to investigate the link between
SLCI2A3 genetic variations and renal function decline in
patients with hypertension. In the participants with YOH (cohort
1) and treatment-naive hypertension (cohort 2), SLCI2A3
rs16963397 C/C or C/G polymorphisms, SLC12A3 rs13334864
C/C or C/T polymorphisms, and SLCI2A3 rs7187932 A/A
or A/G polymorphisms were associated with higher eGFR
than their counterparts. In the follow-up cohort (cohort 3),

Frontiers in Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 863275


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Huang et al.

SLC12A83 and Hypertensive Nephropathy

participants with SLCI2A3 rs16963397 C/C and rs13334864 C/C
polymorphisms were prone to develop renal function decline
during an average follow-up period of 5.8 & 1.7 years.

These findings might be explained by the hypothesis of
glomerular hyperfiltration in hypertension (25-27). In cohort 1,
the participants (40.9 £ 7.2 years old) were the youngest and
the mean eGFR was 101.9 & 20.8 mL/min/1.73 m?. The eGFR
in males (99.0 £ 19.3 mL/min/1.73 m?) was at the high end of
the anticipated eGFR; similarly, eGFR in females (108.4 & 22.7
mL/min/1.73 m?) was higher than anticipated (25). In cohort 2,
the participants (53.7 £ 12.9 years old) were older than those
in cohort 1, and had higher eGFR than anticipated (all: 106.7
+ 23.2 mL/min/1.73 m? male: 103.7 £ 17.7 mL/min/1.73 m%
female: 109.8 4 27.6 mL/min/1.73 m2) (25). The participants
in cohort 3 were the oldest (68.5 £ 12.9 years old); although
the initial eGFR of the participants was within the range of the
anticipated eGFR (all: 84.2 & 22.2 mL/min/1.73 m?; male: 86.0
+ 23.0 mL/min/1.73 m?; female: 86.0 £ 24.0 mL/min/1.73 m?)
(25), participants with SLC12A3 rs16963397 C/C and SLCI12A3
rs13334864 C/C polymorphisms had faster eGFR reduction
than their counterparts. These findings suggested that SLC12A3
polymorphisms were associated with more significant glomerular
hyperfiltration in the earlier stage of hypertension (cohorts 1 and
2), and resulted in a more rapid decline in eGFR in the later stage
of hypertension (cohort 3) (Supplementary Figures 1, 2).

Furthermore, in cohort 1, we found that participants with
SLCI2A3 1516963397 C/C or C/G polymorphisms, SLCI2A3
rs13334864 C/C or C/T polymorphisms, and SLC12A31s7187932
A/A or A/G polymorphisms had higher 24-h sodium excretion
than their counterparts. Previous studies have reported that high
urine sodium excretion is associated with a faster decline in
renal function (28). Therefore, these findings suggest that these
SLCI12A3 polymorphisms associated with higher 24-h sodium
excretion may result in a faster decline in renal function.
However, increased urine sodium excretion is associated with
increased sodium intake (29, 30). Further studies are needed
to clarify the relationship between SLCI2A3 polymorphisms,
sodium intake and excretion, and renal function decline in
patients with hypertension.

Study Limitations

The current study has several limitations that need to
be considered. First, the sample size was relatively small.
Although the SLCI2A3 1516963397 C/C and rs13334864 C/C
polymorphisms were significantly associated with an increased
risk of >25% decline in eGFR (cohort 3), it might only indicate
association but not cause-effect relationship and the finding
might be under power. Further studies with larger sample sizes
are warranted in the future, such as using the data from Taiwan
biobank. Second, the renal function in the two cross-sectional
cohorts (cohorts 1 and 2) was grossly intact. Further case-control
studies comparing participants with intact renal function and
established hypertension-related CKD are warranted. Third, it is
impossible to exclude all other possible causes of renal function
deterioration in addition to hypertension. Therefore, this study
was conducted only in non-diabetic participants. Furthermore,
the first part of the study was conducted in participants with YOH

(cohort 1) to minimize possible comorbidities. Fourth, renal
function could also be confounded by the use of antihypertensive
drugs. Therefore, the second part of the study was conducted
in participants with treatment-naive hypertension (cohort 2) to
eliminate the impact of antihypertensive drugs. Fifth, only six
SNP markers in the introns of SLCI2A3 were selected in the
present study, and more comprehensive genetic studies should be
conducted in the future. Sixth, renal events were defined as >25
and >50% decline in eGFR in the third part of the study (cohort
3). The variation in the definition of renal function impairment
across studies may limit the usefulness of comparing results
between studies. Seventh, many non-genetic factors might be
involved in the progression of CKD (cohort 3). However, we had
tried our best to enroll only non-diabetic patients with essential
hypertension and no medical history of severe diseases. We had
included age, sex, BMI, office BP, and antihypertensive drugs in
the multivariate analysis. Finally, our hypertensive patients were
limited to Chinese patients with hypertension in Taiwan. Given
that the roles of SLC12A3 may vary among different ethnicities,
further studies in other ethnic cohorts are warranted.

CONCLUSION

Genetic variations in SLCI2A3 are associated with renal function
in Chinese hypertensive patients. Future investigations are
mandated to elucidate the detailed pathway and identify potential
therapeutic targets for prevention of renal function decline in
patients with hypertension.
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In the last decades, improvements in the average life expectancy in the world
population have been associated with a significant increase in the proportion
of elderly people, in parallel with a higher prevalence of non-communicable
diseases, such as hypertension and diabetes. As the kidney is a common target
organ of a variety of diseases, an adequate evaluation of renal function in
the approach of this population is of special relevance. It is also known that
the kidneys undergo aging-related changes expressed by a decline in the
glomerular filtration rate (GFR), reflecting the loss of kidney function, either by
a natural senescence process associated with healthy aging or by the length
of exposure to diseases with potential kidney damage. Accurate assessment of
renal function in the older population is of particular importance to evaluate
the degree of kidney function loss, enabling tailored therapeutic interventions.
The present review addresses a relevant topic, which is the effects of aging
on renal function. In order to do that, we analyze and discuss age-related
structural and functional changes. The text also examines the different options
for evaluating GFR, from the use of direct methods to the implementation of
several estimating equations. Finally, this manuscript supports clinicians in the
interpretation of GFR changes associated with age and the management of the
older patients with decreased kidney function.

KEYWORDS

glomerular filtration rate (GFR), elderly, renal function, senescence, aging, estimated
GFR

Introduction

The proportion of older people in the population is increasing worldwide, reflecting
profound demographics changes overall. In 2020, there were 727 million elderly
individuals aged 65 years or over, representing 9.3% of the world’s population—
a number expected to double by 2050 (1). As a result of the increase in life
expectancy, non-communicable diseases such as diabetes and hypertension have become
more prevalent, with a consequent increase in the prevalence of chronic kidney
disease (CKD).
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Over the years, the kidneys undergo aging-related changes
expressed by a decline in the glomerular filtration rate (GFR),
reflecting the loss of kidney function. Anatomical and functional
changes become more evident in advanced ages, accounting for
the GFR decrease. The loss of kidney function with advancing
age indicates a physiological decline in GFR associated with
healthy aging as a natural senescence process (2), a condition
difficult to distinguish from the pathological decline in GFR
related to kidney diseases. Half of adults over 70 years have a
GFR, either measured or estimated, of <60 mL/min/1.73 m?
(3). However, it is still not clear whether a reduction in GFR is a
consequence of the aging process or if it denotes a pathological
process. The frequent comorbidities particularly present in the
geriatric population that can affect kidney function, such as
diabetes and cardiovascular diseases, amongst others, together
with the increased prevalence of albuminuria in older subjects,
and the recognition of glomerular sclerosis, tubular atrophy
and vascular sclerosis in biopsy samples, represent further
challenges to distinguish normal aging kidney function loss from
pathological CKD. This is also important considering that CKD
substantially increases the risk for cardiovascular and all-cause
mortality, with low GFR correlating with worse outcome.

Since 2002, when the Kidney Disease Outcomes Quality
Initiative (KDOQI) published a new chronic kidney disease
(CKD) classification based on five categories of estimated
glomerular filtration rate (eGFR), CKD has been defined as
GFR <60 mL/min/1.73 m? in the absence of kidney damage,
as defined by structural of functional abnormalities (4). This
threshold reflects a mean loss of 50% of kidney function in the
healthy adult population. The KDIGO recommendations also
define a GFR below 60 mL/min/1.73 m? as a CKD, regardless
of age (5). Although there is no precise definition of the normal
range of GFR for older individuals, the use of this classification,
with a fixed threshold for defining CKD based on eGFR values
<60 mL/min/1.73 m?, does not consider the physiological GFR
decline with aging and may result in an overdiagnosis of CKD
in the elderly (6-8). In fact, an alternative age-adapted CKD
definition, stratifying the GFR threshold according to age (75,
60, and 45 mL/min/1.73 m? for ages younger than 40, 40-64,
and 65 years or older, respectively) was proposed and analyzed
in a large Canadian cohort, consisted of 127,132 individuals.
Using a single, fixed eGFR threshold irrespective of age resulted
in a 60% higher incidence of CKD. In this study, it is of note
that 75% of individuals classified as CKD according to current
fixed eGFR criteria <60 mL/min/1.73 m? were 65 years or older
and had an eGFR of 45-59 mL/min/1.73 m? without significant
albuminuria, raising the concern whether these individuals
should be classified as CKD patients. The classification of older
patients with age-related eGFR decline as having CKD is of
crucial relevance, as it leads to an increase the risk of unnecessary
interventions in much of this elderly population with additional
implications for clinical practice and health policies (6-8).
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in the older
population is of particular clinical significance for the diagnosis

Accurate assessment of renal function

and classification of CKD, enabling tailored therapeutic
interventions, and avoiding treatments of unnecessary and/or
potential risk. GFR measurement can be carried out using
conventional approaches through renal or plasma clearances
of specific filtration markers, by measuring the marker
concentration in plasma and urine or only in plasma,
respectively (7). Alternatively, the use of eGFR is a more
accessible approach for evaluating kidney function in a daily
clinical practice. Several equations available have different
performances characteristics concerning precision and accuracy
and to avoid bias.

The present review is aimed at understanding the physiology
of glomerular filtration in the elderly, highlighting the structural
and functional changes associated with normal healthy aging
leading to age related loss of kidney function. Also of interest
is reviewing the different options to evaluate GFR in the elderly
population to provide support to clinicians in the option and
interpretation of the most appropriate method to either measure
or estimate GFR.

Glomerular filtration changes in the
aging kidney

The kidneys receive 20-25% of the cardiac output.
Appropriate glomerular filtration occurs to excrete waste
products of metabolism and to maintain internal homeostasis
of water and electrolytes. The most important physiological
function of renal hemodynamics is to keep the blood flow
and pressure within the glomerular capillary at levels that
provide adequate filtration rate with subsequent optimum
tubular reabsorption and secretion functions (9). An adequate
glomerular filtration rate (GFR) depends on the maintenance of
the structural glomerular filtration barrier such as fenestrated
endothelium, glomerular basement membrane, and podocyte
and slit diaphragm besides endothelial glycocalyx and
specialized glycocalyx between the foot processes and basement
membrane (10).

GEFR is the best parameter for measuring kidney function.
GFR represents the volume of plasma filtered by functioning
nephrons over a specified period. Among normal adult
individuals, GFR ranges from 100 to 125 mL/min/1.73 m?
adjusted to demographic parameters such as gender, race and
age (11-17). The GFR adjustment for race is a subject of recent
discussion, as reported elsewhere (18-20).

With the natural aging process, all organs, including the
kidneys, are progressively affected by the decline in biological
functions and progressive structural changes, regardless of the
presence of disease. Indeed, in healthy individuals, age-related
GFR decline has long been recognized. The first report on
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the decline of GFR with age, published in 1950, describes
a decrease in GFR, measured by inulin clearance, from 123
ml/min/1.73 m? to 65 ml/min/1.73 m? at the age of 90,
decreasing about 8 mL/min/1.73 m? per decade (21, 22). The
Baltimore Longitudinal Study of Aging (BLSA) reported a
decrease in creatinine clearance of 0.75 mL/min/year in normal
subjects aged 30-90 years followed up for a period of 14 years
(23). The overall decline in GFR with age, analyzed by inulin
clearance, starts at 30-40 years of age and becomes more
prominent in adults older than 70 years (15, 24, 25).

Although the decrease in GFR with aging has been well-
recognized, the exact estimation of the magnitude of the renal
function decline with healthy aging is not yet well-established.
Different methodological strategies, the use of endogenous or
exogenous filtration markers to measure GFR, the equation
applied to estimate GFR, the demographic representation of
the healthy participants’ population and the follow-up period
represent issues that might account for discrepancies. Besides
large geographical cohort and meta-analysis studies (11),
evaluation of normal GFR has also been carried out with living
kidney donor healthy individuals (12, 26-28).

Studies with living kidney donors confirmed a decrease in
GFR with age, although with different decline rates. In analyzing
GFR measured with ! Cr-EDTA in 241 subjects 40-73 years of
age, Grewal et al. found that GFR decreased by 0.91 mL/min/1.73
m? per year (29). Poggio et al, measuring GFR with 12°1-
iothalamate clearances in 1,057 donors, found a decline of 1.49
+ 0.61 ml/min/1.73 m? per decade (12), whereas Rule et al., in a
cross-sectional study including 1,203 adult living kidney donors,
showed that GFR declined at a rate of 6.3 mL/min/1.73 m?
per decade (2). Pottel et al. measured the GFR of 633 potential
living kidney donors (by inulin, iohexol, or 51Cr-EDTA) and
confirmed a progressive decline with the age of an average of
—0.89 ml/min/1.73 m? per year, corresponding to a Full Age
Spectrum (FAS) equation prediction of an average decline rate
of —0.92 ml/min/1.73 m? per year (30, 31).

More recently, the Renal Iohexol Clearance Survey in
Tromse 6 (RENIS-T6), a robust study including 1,594 healthy
individuals from the general population (age 50-62 years)
followed for more than 5 years, showed a measured GFR decline
rate of 0.95 + 2.23 ml/min/1.73 m? per year (32). A meta-
analysis of iohexol clearance measurements in three European
population-based cohorts of individuals aged 50-97 showed that
the mean GFR was lower by —0.72 mL/min/1.73 m? per year for
healthy men and —1.03 ml/min/1.73 m? per year for unhealthy
men, and —0.92 mL/ min/1.73 m? per year for healthy women
and —1.22 ml/min/1.73 m? per year for unhealthy women
(33). Table 1 summarizes the demographic characteristics, age
ranges of study population, the corresponding changes of
GFR, and methods used to measure GFR in the different
mentioned studies.

In summary, a slow decline in GFR with age is expected in
healthy individuals as shown in different geographical regions
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(11), with a median loss of eGFR per year of ~1 ml/min/1.73
m? (34).

Structural and functional changes in the
aging kidney

The age-related decline in GFR is considered a physiological
process after 30-40 years of age, with a more significant decline
after the 70s. With normal aging, nephron loss occurs and
is detectable to some extent by the age-related decrease in
GFR. Senescence causes functional and structural changes in
the kidneys. Not only does the GFR decline with aging but
so does the renal plasma flow, the glomerular capillary plasma
flow rate, and the glomerular capillary ultrafiltration coefficient
(Kf) (35-37).

Structural changes

Structural changes are associated with the senescence kidney
process. With aging, the number of nephrons decreases among
healthy adults (38-41). Under the age of 40, sclerotic glomeruli
comprise <5% of the total, increasing thereafter, reaching as
much as 30% of the glomerular population by the eighth decade,
which can result in a progressive loss of 20-25% renal mass,
mainly in the cortical region, in more advanced ages (42).

The loss of nephrons likely reflects a progressive degree of
glomerulosclerosis, which increases with normal aging, even in
healthy aging (2, 43-47). The accurate detection of the nephron
number, which can only be assessed through histological analysis
of kidney biopsies, is limited due to the invasive nature of
this procedure. In this setting, the available information has
been provided by studies carried out in the healthy kidney
transplant donor population by means of biopsies obtained
during the transplant surgery, enabling the analysis of kidney
histomorphometry in different aged individuals (41, 48). Kidney
biopsies obtained from the latter showed that nephron loss was
characterized by a reduction in the total number of glomeruli at
the expense of sclerotic glomeruli and non-sclerotic glomeruli.
Evaluation of kidney cortical volume in this healthy population
by imaging with computer tomography scans also identified a
decrease in cortical volume (41). It is of note that the loss of
nephrons with aging seems to be closely correlated not with the
number of sclerotic glomeruli but, rather, with the decreased
number of non-sclerotic glomeruli (41). A possible explanation
for this apparent inconsistent discordance between nephron loss
with aging and a relatively low detection of glomerulosclerosis
relies on the theoretical concept that globally sclerotic glomeruli
can be fully reabsorbed or may undergo changes such as
atrophy and obsolescence (38). Hence, they can no longer be
easily detected on tissue sections examined by light microscopy
(41). This is of relevance due to the fact that the percentage
of glomerulosclerosis routinely seen in kidney biopsy reports
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TABLE 1 Demographic characteristics, age ranges of study population, the corresponding changes of GFR, methods used to measure GFR.

References Sample Demographic Age range Changes in GFR with Methods used
characteristics (years) age to analyze
GFR
Davies et al. (21) 70 healthy individuals 100% male 24-89 GFR decline: from 122.8 to Inulin clearance
65.3 mL/min/1.73 m’
(decreasing about 8
mL/min/1.73 m? per decade)
Lindeman et al. (23) 254 healthy kidney subjects 98% american predominately 22-97 Creatinine clearence decline: Creatinine
(non-proteinuric diabetes white 0.75 ml/min per year clearance
were included)
Fuiano et al. (24) 26 living kidney donors 100% males, young n = 15, 19-32 GFR in young: 127 4 5.8 Inulin clearance
oldern=11 65-76 mL/min/1.73 m?
GFRin older: 79 & 4
mL/min/1.73 m?
Rule et al. (26) 365 living kidney donors 47.4% male, 80.3% white, age: 18-71 GFR decline: 4.9 mL/min/1.73 Iothalamate
411+ 114yr m? per decade clearance
Grewal et al. (29) 428 living kidney donors (241 49.1% male 40-73 GFR decline: 0.91 SICr-EDTA
aged > 40 yr) mL/min/1.73 m? per decade clearance
Poggio et al. (12) 1,057 living kidney donors 44% male, 11% African 38.54+10.4 GFR decline: 1.49 & 0.61 125].Jothalamate
American ml/min/1.73 m* per decade clearance
Rule et al. (2) 1,203 adult living kidney 42% male, 93% white 18-77 GFR decline: 6.3 mL/min/1.73 Tothalamate
donors m? per decade clearance
Kasiske et al. (27) 201 kidney donors, 203 paired 32% male 43.1 £ 119 In kidney donors, GFR Tohexol
controls 434 +£11.3 increased 1.47 &+ 5.02 mL/min
per year
In controls, GFR declined
0.36 £ 7.55 mL/min per year
Baba et al. (28) 75,521 healthy individuals 47% male 42.8 +10.4 eGFR decline: 1.07 4 0.42 3-variable Japanese
ml/min/1.73 m?per year. equation
Pottel et al. (30, 31) 633 living kidney donors 36.8% male 20->70 GFR decline: 0.89 Inulin, iohexol, or
ml/min/1.73 m? per year SICr-EDTA
Eriksen et al. (32) 1,594 healthy individuals 49% male 50-62 GFR decline: 0.95 + 2.23 Iohexol clearance
from the general population 42% hypertension BMI:27.2 ml/min/1.73 m? per year
Kg/m?
UACR: 0.23 mg/mmol
Waas et al. (34) 13,381 individuals from a 48.7% male 35-74 eGFR decline: approximately eGFR calculated by
German population cohort 23.5% obese 1 ml/min/1.73 m? per year CKD-EPI

from elderly patients may substantially undervalue the true
age-related loss of glomeruli. The process has not been fully
elucidated yet, and further studies are needed to explain the
pathophysiology of age-related renal dysfunction.

Along with the structural and functional impairment
changes, an age-related decline in GFR occurs with healthy
aging (48-51). Progressive loss of filtering glomeruli due to
glomerulosclerosis or vanished glomeruli affects the remaining
preserved nephrons to undergo compensatory hypertrophy
responses (52, 53), with a compensatory increase in the single-
nephron GFR and glomerular capillary hydraulic pressure
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aiming to preserve global GFR (48). However, the enlarged
glomeruli derived from compensatory hypertrophy induce an
increased tension in the glomerular capillary walls, leading to
hypertension, hyperfiltration, and damage to the remaining
nephrons (54). Experimental studies have also shown a
reduction in Kf in older rats as a result of glomerular capillary
permeability and the surface area available for filtration, and
confirmed an increase in glomerular capillary hydraulic pressure
due to the decrease in the afferent arteriolar resistance (36).
Increased glomerular volume associated with compensatory
hypertrophy can induce podocyte injury and loss. Podocytes
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are crucial cells for maintaining the normal glomerular
architecture and capillary permeability but, due to their terminal
differentiation nature, they have a limited capacity to undergo
cell division, regeneration, and repair (55). The degenerative
aging phenotype along with the structural and functional
changes that occur in the aging process, promote a greater
podocyte detachment rate, with a decrease in the density of
podocytes per glomerulus and ultimately capillary wrinkling,
tuff collapse and periglomerular fibrosis (56).

The pathophysiology of renal mass decrease may be related
to several mechanisms, such as a decrease in klotho expression,
an increase in telomere shortening, DNA instability, increased
oxygen radicals, and overexpression of proteins that induce
cell cycle arrest, with induction of pl6 and p21 cell cycle
inhibitors (57-59). Klotho, expressed predominantly in the
kidney distal convoluted tubules, has been recognized as a
key modulator of aging, with antiaging effects on several
pathways. The klotho deficiency that occurs with the aging
process accelerates aging-related diseases, including stroke,
atherosclerosis, and osteoporosis. In contrast, overexpression
of the gene encoding klotho extends lifespan in mice
(60). In addition, the aging process increases the oxidant
activity, decreases the autophagy, and enhances the capillary
rarefaction contributing to the development of renal fibrosis (59)
(Figure 1).

Besides glomerulosclerosis, other structural changes
become more evident in the kidneys of elderly patients,
including tubular atrophy, interstitial fibrosis, arteriolar
hyalinosis, and atherosclerosis that increase with aging
(2). One hypothesis is that fibrointimal hyperplasia of
renal arterioles occurring with advanced age triggers
glomerulosclerosis and consequent interstitial fibrosis and
focal atrophy (61). Indeed, said age-related histological features
are challenging to distinguish from disease-related renal
pathological changes. The presence of comorbidities, abnormal
urinary albumin excretion, and elevated blood pressure
may weigh in favor of disease-related renal pathological
changes. Finally, the number of renal cysts also increases
with normal aging becoming very common in the kidney
parenchyma (56).

Arterial hypertension, a high-sodium diet, the Western
lifestyle, and its correlated comorbidities such as obesity and
diabetes have already been associated with age-related loss of
kidney function, although there is evidence that this process
occurs despite the presence of these factors. Studies performed
in patients without arterial hypertension or in diabetic patients
showed similar declines in renal function rates (62, 63),

suggesting not necessarily a pathological process.

Functional changes
Several studies indicate that renal hemodynamics is
impaired with aging due primarily to a vascular process. The
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altered renovascular tone can be due to structural lesions
in the renal vasculature, more evident in older patients
with cardiovascular comorbidities, whilst pronounced renal
vasoconstriction is also expressed in healthy normotensive
elderly subjects, possibly due to functional abnormalities (24, 64,
65). With aging, there is compromised endothelium-dependent
vasodilatation in the kidney characterized by a reduced
vasodilatory response to stimuli such as acetylcholine, dopamine
and nitric oxide, and greater sensitivity to vasoconstrictor
stimuli, such as angiotensin, norepinephrine, and endothelin
(24, 64, 66, 67). The tendency toward increased renal
vasoconstriction due to a defect in nitric oxide-dependent
response is also responsible for sodium retention (68) and the
deregulation of the pressure-natriuresis response (69). In the
elderly, the renin angiotensin system is suppressed. Although
renin production and release are decreased with aging, leading
to lower renin and aldosterone levels, the response to these
hormones is exaggerated (36).

With the aging process, other changes in kidney function can
be observed (Table 2). The ability to urinary concentration or
dilution is impaired with advancing age and GFR deterioration.
After fluid overload, older individuals have a decreased diluting
capacity due possibly to a defect to generate free water.
Older individuals also have a decreased ability for urinary
concentration. Compared to younger individuals, older adults
have about a 50% reduced capacity to conserve water and solutes
under water deprivation. Reduced thirst response to osmotic
changes, and changes in plasma osmolality, make elderly
subjects more susceptible to developing disturbances in water
homeostasis and volume depletion (42, 70). Decreased water-
conserving capacity can have important clinical implications
when older individuals do not have adequate access to
water (70).

Renal regulation of sodium/potassium balance is also
impaired in the elderly. Individuals older than 60 years
submitted to sodium restriction have a lower capacity to
reduce sodium excretion. On the other hand, older individuals
submitted to sodium load do not properly excrete sodium,
leading to sodium retention and fluid volume expansion (42).
Potassium homeostasis is also altered in aging. Animal studies
demonstrated that potassium excretion was less efficient in aging
rats fed with a high-potassium diet (71). In clinical settings,
medications that interfere with potassium excretion should be
carefully evaluated due to the propensity of older patients to
develop hyperkalemia.

Aging people are also prone to developing acid-base
dysregulation. The age-related decline in the GFR reduces the
capacity of the kidney to buffer metabolic changes and excrete
the excess HT load and ammonium (72).

In addition, calcium homeostasis could be affected by aging.
Older individuals present impaired vitamin D production in
the skin, impaired production of 1,25-(OH) 2D3, and an age-
related decrease in the capacity of 1,25-dihydroxyvitamin D3 to
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FIGURE 1
Schematic structural and functional changes in the aging kidney.
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promote intestinal absorption of calcium, resulting in increased
PTH secretion and higher FGF23 levels (73).

How to evaluate and interpret GFR in
the elderly

Several studies have addressed the discussion of the
accuracy of GFR measurements in the elderly (15, 74-78).
Conventional approaches for determining measured GFR use
the principle of renal clearance of various substances, including
endogenous filtration markers (creatinine or cystatin C) or
exogenous markers (such as inulin, iohexol, iothalamate, or
other radiolabeled compounds). These substances, excreted by
the kidney, should ideally be exclusively excreted by glomerular
filtration with no or minimal secretion by the tubules.

GFR measurement using endogenous
filtration markers

The determination of inulin clearance performed under
continuous intravenous infusion and urine collection is
considered the most accurate, and still the gold standard method
for GFR measurement, but it is cumbersome, expensive and
not feasible in daily clinical practice (79). Alternatively, renal
clearance can be performed using creatinine, an endogenous
product freely filtered by the glomerulus, though also secreted
by tubular cells. Thus, urinary creatinine clearance, a simple

and accessible method, remains a common conventional
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method used for renal function evaluation. However, in the
elderly population, besides the potential errors associated with
inadequate urine sample collection, the use of creatinine as a
marker for determining GFR in this age group, characterized
by progressive loss of muscle mass, represents an additional
drawback. Creatinine is a nitrogenous substance derived
from muscle metabolism. Reduction in muscle mass is a
common aging-related condition associated with decreased
appetite, decreased protein intake, reduced physical activity, and
sarcopenia, causing not only reduction of muscle strength but
also the loss of muscle mass, reflected as lower serum creatinine
levels, which impact the creatinine-based GFR estimation.
Therefore, the use of serum creatinine as a marker for estimating
GFR in the elderly results in an overestimation of the renal
function (80).

A disadvantage of urinary clearances for measuring GFR,
particularly in the frail elderly population, is the troublesome
related to urine sample collection, which can lead to errors
due mainly to urinary losses and incomplete urinary bladder
emptying, causing sampling errors that might jeopardize the
results. In this setting, the evaluation of plasma clearances for
measuring GFR provides more precise results than urinary
clearances (77).

Cystatin C is a more reliable endogenous marker for the
evaluation of renal function compared to creatinine. Cystatin
is a substance constitutively produced by all nucleated cells.
As a low molecular weight protein, cystatin is freely filtered by
kidneys and catabolized in the tubules, where all metabolites are
reabsorbed. Cystatin C is not dependent on muscle conditions
(81) but is influenced by factors such as smoking, obesity,
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TABLE 2 Kidney functional changes with aging and declining GFR.

Impairment in vasodilation response in renal

hemodynamics

e Greater sensitivity to vasoconstrictor stimuli (angiotensin, norepinephrine
and endothelin).

e Reduced vasodilatory response (acetylcholine, dopamine and nitric oxide).

Decreased capacity to concentrate and dilute urine

e Urinary concentration Reduced capacity to conserve water and solutes
under water deprivation.

e Urinary dilution Decreased diluting capacity after fluid overload, possibly

due to a defect to generate free water.

Impaired renal regulation of sodium/potassium balance

e Sodium Lower capacity to reduce sodium excretion under sodium
restriction. Lower capacity to excrete sodium under sodium load, leading
to sodium retention and fluid volume expansion.

e Potassium Lower capacity to decrease potassium excretion under high

potassium diet

Acid-base dysregulation
e Reduced capacity to buffer metabolic changes

o Reduced capacity to excrete the excess H" load and ammonium

Calcium homeostasis

e Impaired vitamin D production in the skin
e Impaired production of 1,25-(OH)2D3

e Increased PTH secretion

e High FGF23 levels

and inflammation. These features make this substance a more
accurate alternative for measuring glomerular filtration.

GFR measurement using exogenous
filtration markers

Plasma clearances can also be performed using exogenous
markers. The most widely used are the non-ionic contrast
agent iohexol, particularly in Europe, and the iothalamate, more
broadly used in the USA. Radiolabeled compounds such as
LCr-EDTA, M Tc-DTPA, and % I-iothalamate have also been
employed for GFR measurements with different availability in
different centers. Determination of plasma clearances comprises
intravenous injection of the compound and subsequent blood-
sample drawings at different time-points to construct a plasma
disappearance curve of the exogenous marker. Although
methods based on exogenous markers likely provide higher
accuracy in determining GFR, they are usually more expensive
and not widely accessible in routine practice. While they have
also been considered as gold standard for GFR determination
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in many studies, it is important to be aware that substances
such as iothalamate are secreted by renal tubules and therefore,
can overestimate GFR as compared to inulin clearances (79).
Notwithstanding these considerations, plasma clearances are
considered accurate methods of measuring GFR.

GFR estimation using equations

In clinical settings, an alternative to provide reliable and
easy evaluation of kidney function in the elderly is the
use of estimated GFR (eGFR) equations rather than direct
measurement of GFR. eGFR based on equations is a simple and
less expensive assessment, recommended by clinical guidelines
from the National Kidney Foundation (NKF KDOQI) and
Kidney Disease Improving Global Outcomes (KDIGO) (5,
82). Different formulas derived from large cohorts have been
developed to estimate GFR in adults, based on serum creatinine
or cystatin C (18, 83, 84).

The Cockcroft-Gault equation was the first equation
developed for estimating creatinine clearance. In 1999, Levey
and coworkers developed the first equation to estimate GFR,
the Modification of Diet in Renal Disease (MDRD), normalized
to 1.73 m? body surface area (BSA) derived from measured
iothalamate-measured GFR (83). In both equations, however,
the geriatric population was underrepresented. In addition,
these equations are based on serum creatinine, with the concerns
for older patients already addressed. Both equations have been
widely worldwide used, but they usually overestimate measured
GFR in older patients (77, 78, 85), although Cockcroft-Gault
adjusted for BSA yields a smaller bias (77). Of note, BSA-GFR is
not a good normalization index in frail patients. In such a case, a
BSA-GFR is usually overestimated, impairing the fair evaluation
and clinical management.

The Chronic Kidney Disease-Epidemiology Collaboration
equation (CKD-EPI) (18), also developed by Levey et al., is
the most common currently used equation in routine clinical
practice. Although CKD-EPI was developed to improve the
estimation of GFR in older patients, participants older than
65 years of age were less represented in the CKD-EPI study
population (only 13% of the whole population). Compared to
iohexol plasma clearance, creatinine based CKD-EPI (CKD-
EPICr) in older patients also overestimates GFR (77).

Equations based on serum cystatin C levels have proved
their superiority over creatinine-based formulas in the elderly
(86-88). A meta-analysis of 46 cross-sectional studies confirmed
that the accuracy of cystatin C is superior to creatinine-based
equations (eGFRCr) (34, 78, 89-91). Alternatively, equations
based on the combination of cystatin C with creatinine (CKD-
EPICr+Cys) have been developed, with even better precision
and accuracy compared to equations based on creatinine
alone or cystatin C alone (77, 92, 93). In fact, current
guidelines, besides recommending CKD-EPI equations for

frontiersin.org


https://doi.org/10.3389/fmed.2022.769329
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Noronha et al.

estimating glomerular filtration, recommend the combination
of creatinine and cystatin C (eGFRCr+Cys) as a more accurate
approach (5).

To provide a more precise and accurate GFR evaluation
in the elderly, the Berlin Initiative Study (BIS) analyzed a
cohort of subjects aged over 70 years (77), resulting in the
development of two equations designed for older individuals: the
BIS1, a creatinine-based equation, and the BIS2, a creatinine and
cystatin C-based equation. Both equations provided very good
agreements with measured GFR, including in Chinese older
subjects (94).

Other eGFR equations for the elderly population have
been described such as the Caucasian, Asian, Pediatric and
Adult (CAPA) (95), the Japanese equations (96, 97), in a
country where the population of persons older than 65 years
reached more than 25% of the total population, and the Lund-
Malmo revised creatinine equation (LMRCr), developed in a
Swedish cohort population population (98). LMRCr showed
better performances than CKD-EPIcr. Additionally, combining
LMRCr with the CAPA cystatin C equation (CAPACys), by
performing the arithmetic mean of the LMRCr and CAPA
equations (MEANLMR+CAPA), improved the accuracy of the
GFR estimation (99).

More recently, in 2016, Pottel et al. developed, in European
healthy individuals, a new eGFR equation for the elderly
population, the FAS (100), based on serum creatinine. The
validation was carried out comparing with measured GFR
(inulin, iohexol, and iothalamate clearance). The FAS equation
improved the precision and accuracy of eGFR, especially in older
adults, also in chinese older individuals (101). Subsequently,
besides the Full Age Spectrum creatinine equation (FASCr), its
combination with cystatin C (FASCr+Cys) was proposed (31).

Table 3 summarizes the main studies evaluating eGFR
against a gold-standard method to measure GFR.

For the geriatric population, which
equation is more accurate to
estimate GFR?

Compared to gold standard clearance methods, the currently
available equations for determining eGFR have different
performances related to bias, precision, and accuracy, which
highlights the difficulty in defining an accurate estimation of
GFR in older patients. It is important to emphasize that the
Cockeroft-Gault equation is not similar to CKD-EPI or other
eGFR equations.

Table 4 summarizes the results of studies comparing
discrepancies of GFR estimating equations in older adults
examining performances between the eGFR analyzed by metrics
such as bias, precision, and accuracy. Bias represents the median
difference between measured GFR and estimated GFR. It is
important to identify the eGFR equation with the smallest
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bias. Bias with negative values indicates that the equation
overestimates the GFR. Precision also represents the differences
between measured GFR and estimated GFR but it is expressed as
the interquartile range (IQR). Accuracy can be evaluated as P30,
which represents the percentage of estimates within 30% of the
measured value. The highest P30 values reflect better accuracy of
eGFR compared to measured GFR.

Schaeffner and coworkers compared performances of the
eGFR equations, consisting of the BS1 and BS2 equations,
Cockcroft-Gault, MDRD, CKD-EPICr, and CKD-EPICys, with
the gold standard iohexol plasma clearance measurement in
an elderly population-based cohort [the Berlin Initiative Study
(BIS)] (77). BIS equations presented the smallest median bias
compared with Cockcroft-Gault, MDRD, and CKD-EPICr
equations, which have a higher median bias that overestimates
GFR. Accordingly, the P30 values were highest for the BIS
equations, followed by the CKD-EPICys and Cockcroft-
Gault equations.

The 2017 study of Bjork, a large multicenter cohort
of Europeans that enrolled 3,226 individuals 74-93 years
of age, validated four creatinine equations (the CKD-EPICr,
BISICr, LMRCr, and FASCr) compared to iohexol plasma
clearance as a gold-standard method (92). LMRCr had the
most stable performance compared to measured GFR. FASCr
can also be a good alternative to CKD-EPICr in creatinine
based estimation of GFR. The addition of cystatin C to the
equations (BIS2Cr+Cys, CKD-EPICr+Cys, FASCr+Cys, and
MEANLMR+CAPA) improved the performances, particularly
P30 accuracy.

In 2018, Bjork et al. compared the performance of GFR
estimating equations using creatinine and cystatin C in a cohort
of elderly patients from Iceland who participated in the AGES-
Reykjavik Study (93). A subgroup of 805 Caucasian individuals,
74-93 years of age, was enrolled in the period between 2007
and 2011 to participate in a substudy that measured GFR
using plasma iohexol clearance (the AGES-Kidney Study).
Different GFR equations such as LMRCr MEANLMR+CAPA,
FASCr, and FASCr+Cys were compared to CKD-EPICr and
CKD-EPICr+Cys, All equations showed high accuracy (P30
>90%). Although there were differences in performance, none
of the creatinine-based equations was clearly superior in this
cohort of older individuals. However, the addition of cystatin
C in creatinine-based equations improved the performance
of the equations. Fan et al. (103) also analyzed the 805
participants of this AGES-Reykjavik Study, comparing the
performance of the Japanese, BIS, and CAPA equations with
that of the CKD-EPI equations. They concluded that none
of the Japanese, BIS, and CAPA equations were superior to
the CKD-EPI equations. The addition of cystatin C in the
CKD-EPIcr equation improved the performance of CKD-EPICr
and CKD-EPICys.

Selistre et al,, in a large single-center French population
(n = 2,247) aged 65-90 years with various degrees of kidney
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TABLE 3 Summary of studies addressing equations to estimate glomerular filtration rate and participation of older individuals.

References eGFR equation Sample size Gold-standard Conclusion
Levey et al. (83) MDRD n=1628 125]-jothalamate MDRD: more accurate than measured creatinine
n=681>55yr clearance (overestimates GFR by 19%) and
n=0>70yr Cockcroft-Gault formula (overestimates GFR by
16%).
Levey et al. (83) CKD-EPI n=8,254 125T_jothalamate CKD-EPI: more accurate than MDRD.
n==69 >75yr

Schaeffner et al. (77) BIS 1 (creatinine)

BIS 2 (cystatin C)

n =610 >70 years

Grubb et al. (95) CAPA n=1,200 from a
Swedish cohort and
n =413 froma
Japanese cohort
Bjork et al. (98) LMR n = 850 adults
Pottel et al. (100) FAS n=6,870

n=1774>70yr

Iohexol BIS 2: lowest bias and smallest misclassification
rate;
BIS 1: smallest misclassification rate among the
creatinine-based equations.

Inulin Substandard P30 among the elderly (>80 years
old)

Iohexol Increased accuracy at measured GFR >90

mL/min/1.73 m?
The LM equations cannot be recommended for
use in general clinical practice

Inulin, iohexol and Less biased and more accurate than CKD-EPI for

iothalamate older adults.

MDRD, Modification of Diet in Renal Disease; CKD-EPI, Chronic Kidney Disease-Epidemiology Collaboration; BIS, Berlin Initiative Study; CAPA, Caucasian, Asian, Pediatric and Adult;

LMR, Lund-Malmé revised creatinine equation; FAS, Full Age Spectrum.

impairment, tested four different equations (CKD-EPI, BIS-
1, LMR, and FAS) compared to measured GFR using inulin
clearance (102). The authors tested the bias, precision, and
accuracy of these equations and found that the performance
of the CKD-EPI equation was not different from that of BIS-
1, LMR and FAS. In patients 75 years or older with measured
GFR <45 ml/min/1,73 m2, LMR and BIS were more accurate
than CKD-EPI and FAS but none of them had a superior
diagnostic performance.

Recently, Yamaguchi et al. estimated GFR based both on
serum creatinine and cystatin C in 19,764 individuals aged
18-103 years (mean 77.0 years) separated into two groups,
<75 and >75 years old (the older group, n = 12,518, mean
age 82.8 years old). The analysis of discrepancies between the
CKD-EP], Japanese, and BIS equations showed that eGFRcr
was overestimated with CKD-EPI or the Japanese equation.
They concluded that estimation of GFR using serum cystatin C
provided more accuracy in elderly people (78).

It is worth mentioning that measured GFR is considered
the gold-standard approach to access GFR. This is important
because any equation used to estimate GFR may have an average
error as wide as 30% or even larger, even while choosing that
with higher accuracy, it has a bias that may reach 30 ml/min
of difference from the measured filtration rate (104). Therefore,
this should be kept in mind when interpreting studies.
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Clinical management of age-related
GFR changes in the elderly

Accurate determination of GFR in the older population is
of crucial importance for the correct evaluation of age-related
kidney dysfunction, which implies appropriate management
related to the stage of kidney disease.

In clinical practice, one of the most important aspects to
be considered is the adequate adjustment of the dosage of
prescribed drugs to avoid overdosing. Elderly patients have often
been submitted to polypharmacy and many of these medications
have renal excretion, which requires dose reductions adjusted
to the degree of GFR compromised, more easily calculated by
the GFR equations. Whether it is a pathological or age-related
reduction in GFR, the dosage of renal-eliminating drugs should
be adjusted according to the GFR, to avoid potential harm.

A great number of older individuals suffer chronic and acute
pain, with a particularly high prevalence of joint pains and
neuralgia. Non-steroidal anti-inflammatory drugs (NSAIDs) are
often prescribed for the management of pain relief in the elderly
population. NSAIDs are considered nephrotoxic drugs, with
the exposure associated with a high risk of GFR decline of
>30% in individuals with eGFR <60 ml/min/1.73 m? (105).
Hence, the prescription of NSAIDs should be done carefully in
this population.
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TABLE 4 Studies comparing discrepancies of GFR estimating equations and estimated creatinine clearance (Cockcroft—Gault) in older adults
examining performances between the eGFR analyzed by metrics such as bias, precision, and accuracy.

Schaeffner et al. (77) Bjork et al. (92) Bjork et al. (93) Selistre et al. (102)

(A) Performances between the eGFR analyzed by median bias.

n 610 3,226 805 2,247

Age (yr) >70 70-89 74-93 65-90
Cohort The BIS cohort 5 cohorts (Caucasian) AGES-Reykjavik elderly cohort Single center French cohort
Measured GFR Plasma iohexol clearance Plasma iohexol clearance Plasma iohexol clearance Inulin clearance
Cockeroft-Gault Cr 2.53 (—4.06 t0 9.21) n.a n.a n.a
MDRDCr 11.29 (3.85-17.68) n.a n.a n.a
CKD-EPICr 9.69 (2.45-15.49) 3.6 (3.2-4.0) 2.7(2.1-3.3) —2.0(—3.0to —1.0)
BIS-1 (Cr) 0.80 (—5.03 to 6.11) 1.7 (1.2-2.0) na. —2.0(=3.5t0 —1.5)
LMRCr n.a —0.7 (—1.0 to —0.4) —4.8 (—5.4to —4.2)* 2.0 (1.5-3.5)
FASCr n.a 0.6 (0.3-0.9) —5.7(—6.3to —=5.1)* 0.0 (—0.5 to 0.5)
CKD-EPICys 2.05 (—3.23 t0 8.61) —2.7 (=3.1to —2.3) n.a n.a
FASCys n.a —1.1(—1.6to —0.8) n.a n.a

CAPA (Cys) n.a —1.4(—1.8to —1.0) n.a n.a
CKD-EPICr+Cys n.a —0.1(—0.4t00.2) 0.6 (—0.1to 1.2) n.a

BIS-2 (Cr+Cys) 0.87 (—4.40 to 4.98) —1.2(—1.5to —0.8) na n.a
MEANLMR+CAPA n.a —1.0 (—1.3to —0.6) —2.7(-32to—-2.1)* n.a
FASCr+Cys n.a —0.8 (—1.1to —0.5) —59(—6.5t0 —5.4)* n.a

(B) Performances between the eGFR analyzed by IQR-Precision.

CKD-EPICr n.a 12.3 (11.9-13.0) 12.1 (11.2-13.4) 15.0 (14.5-17.0)
BIS-1 (Cr) n.a 11.6 (11.1-12.1) n.a 15.0 (14.0-16.5)
LMRCr n.a 10.5(10.1-11.0) 10.8 (10.1-11.5)° 14.0 (13.0-15.5)
FASCr n.a 11.1 (10.6-11.5) 10.7 (9.9-11.9)° 14.0 (12.5-15.0)
CKD-EPICys n.a 11.8 (11.3-12.5) na n.a
FASCys n.a 12.2 (11.7-12.8) na n.a
CAPA (Cys) n.a 11.9 (11.3-12.6) na n.a
CKD-EPICr+Cys na 10.2 (9.6-10.8) 10.2 (9.0-11.1) na
BIS-2 (Cr+Cys) n.a 10.5 (10.0-11.0) n.a n.a
MEANLMR+CAPA n.a 9.2 (8.8-9.6) 9.3 (8.5-10.1)¢ n.a
FASCr+Cys n.a 10.1 (9.7-10.7) 10.0 (9.1-10.9)¢ n.a

(C) Performances between the eGFR analyzed by P30 accuracy.

Cockeroft-GaultCr 87.4 na n.a na
MDRDCr 70.9 n.a n.a n.a
CKD-EPICr 77.9 76.4 (74.9-77.9) 91.7 (89.9-93.4) 77.0 (73.0-80.0)
BIS-1 (Cr) 95.1 77.5 (76.1-78.9) na. 76.0 (72.5-79.5)
LMRCr n.a 83.5(82.2-84.8) 95.0 (93.5-96.5)° 80.0 (76.5-83.5)
FASCr n.a 80.9 (79.5-82.3) 95.8 (94.4-97.2)° 78.5 (75.0-82.0)
CKD-EPICys 89.1 78.8 (77.3-80.4) na n.a
FASCys n.a 80.9 (79.4-82.4) na n.a
CAPA (Cys) n.a 80.3 (78.8-81.8) n.a n.a
CKD-EPICr+Cys 86.8 (85.5-88.1) 96.1 (94.8-97.4) n.a
BIS-2 (Cr+Cys) 96.1 85.7 (84.4-87.0) n.a n.a
MEANLMR+CAPA n.a 88.7 (87.5-89.9) 97.3 (96.2-98.4)° n.a
FASCr+Cys n.a 85.7 (84.4-87.1) 97.8 (96.7-98.8)" n.a

aSignificantly worse (P < 0.05) than corresponding CKD-EPI equation. ®Significantly better (P < 0.05) than corresponding CKD-EPI equation. “No statistical difference (P < 0.05)
compared with corresponding CKD-EPI equation.
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The use of iodinated contrast media is another potential
cause of kidney injury possibly leading to kidney adverse
outcomes such as renal dysfunction characterized by abrupt GFR
decline and, eventually, the need for dialysis. The use of iodine-
based contrast media for diagnostic and interventional radiology
for the geriatric population has exponentially increased in the
last decades, in oncological settings, cardiovascular imaging
examinations, and other clinical situations. Risk factors for
developing contrast nephrotoxicity include pre-existing CKD,
dehydration, diabetes, and the use of ACE inhibitors, diuretics,
and NSAIDs, all common situations in older patients providing
high susceptibility to developing worsening kidney function
(106, 107). The advent of iso-osmolar and hypo-osmolar agents
decreased the incidence of contrast-induced AKI. Thus, the
decision on its use must be considered, evaluating the risk-
benefit of the imaging examination. Prehydration and n-
acetylcysteine, traditionally used as protective measures, have
been questioned since the latest clinical trials and have not
shown benefits in their use (108, 109).

Adjustment of drug dosing in the elderly according to
GFR is widely employed in clinical settings important for
avoiding harmful complications. In the aging population, type
2 diabetes is a prevalent condition, and for instance, the risk of
hypoglycemia can be avoided, at least in part, by the adjustment
of oral antidiabetic agents. Older patients are often affected by
infections for which antimicrobials are prescribed. Therefore,
the knowledge of GFR is crucial in determining the ideal dose
adjustment. In situations of a moderate/severe reduction in
GFR, attention must be paid to avoid toxicity, and the risk of
worsening renal function is needed.

In summary, the clinical management of older individuals
should be based on “do not harm.” The use of contrast should be
leveraged according to each indication. Besides antimicrobials,
all prescriptions for older individuals should consider possible
the risk of further reduction in GFR. Adjustment according to
measured or estimated GFR is advised. All patients should be
alert against the use of potential renal-damage drugs.

Conclusion

The population is aging. With the natural aging process, all
organs, including the kidneys, undergo aging-related changes
characterized by a progressively decline in biological functions
and anatomical changes. The loss of kidney function due
to advancing age is expressed by GFR decline. Accurate
assessment of renal function in the elderly is of particular clinical
importance for the appropriate evaluation and management of
age-related kidney dysfunction.
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The gold standard methods to measure GFR include
inulin clearance and plasma clearances based on clearance of
radiolabelled or non-radiolabelled exogenous markers, which
are laborious, expensive and not feasible in daily clinical practice.
In clinical settings, an alternative to gold standard methods
still capable of easily provide reliable evaluation of kidney
function in the elderly is the use of estimated GFR (eGFR)
equations. Hitherto, no equation precisely mirrors the measured
GFR in older patients, and therefore, the results should be
meticulously interpreted. The currently available equations for
determining eGFR have different performances that lead to
important discrepancies even in equations specifically developed
for older patients. New techniques to measure GFR should be
the target of future studies. The ideal method should be cost-
effective and not rely only upon serum creatinine, particularly in
the elderly and frail patients with sarcopenia and loss of muscle
mass. Until then, equations should be used based on either
creatinine or preferentially cystatin C, when available. So far, the
CKD-EPI seems to be the best choice.
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