
Vol.:(0123456789)1 3

World Journal of Pediatrics (2022) 18:607–612 
https://doi.org/10.1007/s12519-022-00552-2

ORIGINAL ARTICLE

Evaluation of proximal tubule functions in children with COVID‑19: 
a prospective analytical study

Fatma Devrim1 · Elif Böncüoğlu2 · Elif Kıymet2 · Şahika Şahinkaya2 · Ela Cem2 · Mine Düzgöl2 · Aybüke Akaslan Kara2 · 
Kamile Ötiken Arıkan2 · Aslı Kantar1 · Ebru Yılmaz1 · Nida Dinçel1 · Nuri Bayram2 · İlker Devrim2 

Received: 4 March 2022 / Accepted: 3 April 2022 / Published online: 4 May 2022 
© Children's Hospital, Zhejiang University School of Medicine 2022

Abstract
Background There are limited numbers of studies focusing on renal effects of coronavirus disease 2019 (COVID-19) infec-
tion and proximal tubular dysfunction in children with COVID-19 infections. The purpose of this study was to evaluate the 
functions of the proximal tubule in hospitalized children with confirmed acute COVID-19.
Methods The children who were hospitalized for confirmed COVID-19 were included in this prospective descriptive analy-
sis. The presence of at least two of the following four abnormalities was used to diagnose proximal tubule injury: abnormal 
tubular reabsorption of phosphate, normoglycemic glycosuria, hyperuricosuria, and proteinuria.
Results A total of 115 patients were included in the study. About a third of the individuals had elevated blood creatinine 
levels or proteinuria. In addition, abnormal renal tubular phosphate loss measured by renal tubular phosphate loss was 
found in 10 (8.7%) patients, as was hyperuricosuria in 28.6%. As a result, total proximal tubular dysfunction was found in 
24 (20.9%) patients.
Conclusions One in every five children with acute COVID-19 infections had proximal tubular dysfunction, according to 
our data. Although, the rate of proximal tubular dysfunction was lower than in adults, it should be noted. The recovery of 
proximal tubular function in children with COVID-19 should be followed.

Keywords Coronavirus disease 2019 (COVID-19) · Proteinuria · Proximal tubular dysfunction · Severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) · Tubular reabsorption of phosphate

Introduction

Except for multisystemic inflammatory syndrome associ-
ated in children (MIS-C) associated with coronavirus dis-
ease 2019 (COVID-19), the clinical course and outcome 
of COVID-19 are significantly better in pediatric patients 
than in adults [1, 2]. The studies conducted in China and 
Italy indicated that children are mildly affected, accounting 
for approximately 5% of cases and less than 1% of hospital 

admissions [1, 3]. Despite the fact that the majority of 
clinical presentations are due to pulmonary involvement, 
extra-pulmonary manifestations, such as gastrointestinal, 
cardiovascular, hematological, musculoskeletal, and endo-
crinological, as well as the renal system, may occur [4].

COVID-19-related renal impairments have been stud-
ied primarily in adult patients. Proteinuria and hematuria 
were the most frequently reported clinical findings in one 
study of 701 adults with COVID-19, occurring in 43.9% 
and 26.7% of patients, respectively and followed by elevated 
blood urea nitrogen, elevated serum creatinine, and low glo-
merular filtration rates [5]. The primary route of the entry 
of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) into cells is via angiotensin-converting enzyme 2 
(ACE2) receptor. These receptors are predominantly found 
in the lung, but also in the heart, gastrointestinal organs, 
and kidneys [6]. SARS-CoV-2 has a detrimental effect on 
the kidney, manifesting clinically as an increase in protein-
uria, hematuria, and serum creatinine. The virus particles 
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are more prevalent in the glomeruli and proximal tubule 
cells of the kidney [7]. The involvement of proximal tubule 
cells is particularly significant because ACE2 proteins on 
the surface of proximal tubule cell allow for the entry of 
SARS-CoV-2 viruses [6]. The proximal tubules of the kid-
ney are where albumin, low molecular weight proteins, 
glucose, amino acids, phosphate, bicarbonate, and uric acid 
are absorbed efficiently. Proteinuria, hypophosphatemia 
(decreased tubular phosphorus reabsorption in the presence 
of a normal or low serum phosphorus level), hyperuricosu-
ria, neutral aminoaciduria, and normoglycemic glycosuria 
are all symptoms of proximal tubular dysfunction (PTD) [8].

There are few studies focusing on renal effects of COVID-
19 infection and PTD in children with COVID-19 infection 
[9–11]. The purpose of this study was to assess the proximal 
tubule’s functions in hospitalized children with confirmed 
acute COVID-19.

Methods

This prospective descriptive study was conducted at the Uni-
versity of Health Sciences Dr. Behçet Uz Children’s Hospi-
tal in İzmir, Turkey, from October 11 through January 31, 
2021. The study included children aged 1 month to 17 years 
who were admitted to the pediatric infectious diseases ward 
with confirmed COVID-19. The diagnosis of COVID-19 
was confirmed by the quantitative real-time polymerase 
chain reaction (RT-PCR) positivity. The RT-PCR protocol 
followed the WHO’s recommendation [12]. SARS-CoV-2 
samples were recommended for only symptomatic patients 
in our national and hospital-based protocols. COVID-19 
severity was determined using clinical features, laboratory 
testing, and chest X-ray imaging and included asymptomatic 
infection, mild, moderate, severe, and critical cases [13]. 
Urine samples were collected prior to the any medication or 
intravenous fluid administration.

Inclusion criteria

Patients with acute COVID-19 infections by RT-PCR, as 
well as children aged 1 month to 17 years, were included 
in the study.

Exclusion criteria

Patients with a history of renal disease, those who were 
followed up in a pediatric intensive care unit, and those 
who had missing data, such as serum creatinine and rou-
tine urinalysis, were all excluded from the study. Patients 
on hydroxychloroquine-containing drugs before admission, 
as well as those with other chronic diseases, were excluded. 
Patients who had a history of high phosphate intake also 

were excluded. The patients' urine samples were taken before 
any medication or intravenous fluid administration and any 
patients who did not fulfill the criteria were excluded. Chil-
dren diagnosed with MIS-C were not included in the study.

During the hospitalization, blood and urine samples were 
collected for basic biochemical parameters and urine analy-
sis, including urine electrolytes, protein, glucose, and micro-
albumin. The patient’s demographic features, such as age, 
gender, initial serum creatinine levels and electrolytes, uric 
acid, glucose, and routine urinalysis with microscopy also 
were recorded. In addition, estimated glomerular filtration 
rate (eGFR), tubular reabsorption of phosphate (TRP), maxi-
mum renal tubular phosphate threshold (TmP), renal tubular 
phosphate loss (TmP/eGFR), presence of normoglycemic 
glucosuria, hyperuricosuria were calculated for all patients 
according to the criteria below.

Definitions

(1) TRP: renal tubular phosphate involvement was used 
to assess tubular reabsorption. Because 85 and 95% of the 
phosphate is reabsorbed from the proximal tubule, TRP 
rate below 85% was indicated as tubular phosphate leak-
age [14]. This rate was calculated as “100 × {1 − [(urinary 
phosphate × serum creatinine)/(urinary creatinine × serum 
phosphate)]}”. Serum creatinine and phosphate levels 
were expressed as mg/dL [14]; (2) TmP: [serum phos-
phate − (urinary phosphate × serum creatinine)]/urinary 
creatinine [15]; (3) TmP/eGFR: the values of TmP/
eGFR < 2.8  mg/dL indicated the renal tubular phos-
phate loss [15]; (4) normal serum creatinine was defined 
as 0.2–0.4  mg/dL (18–35 micromol/L) for infants, 
0.3–0.7 mg/dL (27–62 micromol/L) for children, 0.5–1 mg/
dL (44–88 micromol/L) for adolescents [16]; (5) eGFR was 
determined using the modified Schwartz criteria [17]; (6) 
normoglycemic glucosuria is defined as increased urine 
glucose excretion in the presence of normal serum glucose 
levels. The presence of glucose positivity in the urine with 
a dipstick was intended to be significant; (7) hyperuricosu-
ria: after the age of three, the result obtained using the for-
mula "uric acid (mg/dL) × serum creatinine (mg/dL)/urine 
creatinine (mg/dL)", which also uses glomerular filtration 
rate, is greater than 0.56 mg/dL, indicating hyperuricosuria 
[18]; (8) urinary uric acid/creatinine ratio: it was evaluated 
and described as normal according to the previous study 
performed on Turkish children [19]; (9) hypouricemia: a 
blood uric acid level of less than 2 mg/kg is considered as 
hypouricemia [20]; (10) proteinuria: the upper limit of nor-
mal for the spot urine protein-to-creatinine ratio changes 
by age as following; < 0.5 mg protein/mg creatinine at age 
6–24 months (infants and toddlers); < 0.2 mg protein/mg 
creatinine at age 24 months to 18 years (children and young 
adults). The spot urine protein-to-creatinine ratio that is 
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indicative of nephrotic range proteinuria is > 3 mg protein/
mg creatinine [21]; (11) diagnosis of proximal tubular dys-
function: the presence of at least two of the following four 
abnormalities [22]; including the presence of increased 
renal tubular phosphate loss, normoglycemic glycosuria, 
hyperuricosuria, and proteinuria, was used to diagnose 
proximal tubular dysfunction.

Statistical analysis

SPSS statistical software (version 22; SPSS, Chicago, IL, 
USA) was used for the statistical analysis. The Student’s t 
test was used to compare continuous parametric variables, 
the Mann–Whitney U test was used to compare continuous 
nonparametric variables, and χ2 or Fisher’s exact tests were 
used when appropriate. A two-tailed P value of < 0.05 was 
considered to be statistically significant.

Ethical consent

This study was approved by the local Ethical Committee of 
Dr. Behcet Uz Children's Training and Research Hospital 
with the registration number 452 (approval number: 166; 
date: 09.24.2020).

Results

The demographics of the study population

A total of 115 hospitalized patients who met the study’s 
criteria were included in the study. Seventy-three (63.5%) 
of the patients were male, and 42 (47.9%) were female. The 
median age of patients was 10 years (range: 1 months to 
17 years). Regarding the age distribution, 18 (15.7%) of 
the patients were under 1-year-old and 68 (59.1%) were 
12 years and older. The median body weight of the patients 
was 39.0 kg (range: 3.9–115 kg), and the median height was 
145 cm (range: 54–186 cm). Fifteen (13.0%) patients had 
body mass index (BMI) ≥ 25. Eight (6.9%) patients were 
overweight (BMI = 25–29.9), and seven (6.0%) patients were 
obese (BMI ≥ 30).

Fever (51, 44.3%) and cough (48, 41.7%) were the most 
common symptoms, followed by headache (29, 25.2%), 
myalgia (25, 21.7%), sore throat (19, 16.5%), diarrhea (18, 
15.6%), chest pain (16, 14.0%), anosmia (15, 13.2%), vomit-
ing (9, 7.8%), nasal discharge (8, 6.9%), rash (2, 1.7%).

The baseline characteristics of the laboratory tests

The average serum creatinine level was 0.6 ± 0.1 mg/dL 
(range: 0.4–1.00 mg/dL) with 38 (33.0%) patients hav-
ing high creatinine levels (Table 1). The mean serum 

phosphate level was 4.5 ± 0.8 mg/dL. Hypophosphatemia 
was found in 10 (8.7%) patients of the whole group. The 
mean eGFR was 85.98 ± 18.38 (range: 44.6–131.4).

Evaluation of diagnostic criteria for proximal 
tubular injury

The median urinary protein/urinary creatinine ratio was 
0.17 (range: 0.03–2.62) indicating 39 (33.9%) patients 
had proteinuria. The mean age in the patients with pro-
teinuria was 87.54 ± 68.98 months (range: 1 month to 
17 years) and the mean age of those without proteinuria 
was 118.57 ± 68.71 months (range: 2 months to 17 years). 
Mean age was significantly lower in the proteinuria group 
(P = 0.024). In the patients without proteinuria, 15.8% 
(n = 12) of the patients had microalbuminuria (Table 2).

Tubular phosphate leakage measured by TRP was 
present in 27 (23.5%) patients. TMP/eGFR values also 
revealed abnormal renal tubular phosphate loss (< 2.8 mg/
dL) in 10 (8.7%) patients and normal range in 105 (91.3%) 
patients. Hypophosphatemia was found in 10 (8.7%) 
patients of the whole group. Two (1.73%) patients had 
normoglycemic glycosuria. Hyperuricosuria was present 
at 28.6% (n = 33) of the population. The median age in the 
patients with hyperuricosuria was 4 years (range: 1 month 
to 16 years), while that of patients without hyperurico-
suria was 12.5 years (range: 2 months to 17 years). The 
median age was significantly lower in the patients with 
hyperuricosuria (P < 0.001). The percentage of patients 
with hypouricemia was 4.3% (n = 5).

Table 1  Baseline characteristics of the 115 patients with serum bio-
chemical parameters and urinalysis

eGFR estimated glomerular filtration rate, SD standard deviation

Variables Mean ± SD Minimum–maximum

Serum creatinine (mg/dL) 0.6 ± 0.1 0.4–1.0
Serum calcium (mg/dL) 9.3 ± 0.6 7.3–10.5
Serum phosphate (mg/dL) 4.5 ± 0.8 1.0–6.6
Serum sodium (mmol/L) 138.4 ± 2.4 129–142
Serum potassium (mmol/L) 4.4 ± 0.5 3.3–6.1
Serum chloride (mmol/L) 105.6 ± 3.1 95–114
Serum glucose (mg/dL) 102.9 ± 21.0 73–227
Serum urea (mg/dL) 10.7 ± 6.9 2.0–63.0
Serum uric acid (mg/dL) 4.1 ± 1.4 1.0–9.8
Serum protein (g/dL) 7.0 ± 0.8 4.1–8.3
Serum albumin (g/L) 4.3 ± 0.5 2.4–5.0
eGFR (mL/min/1.73  m2) 85.98 ± 18.38 44.6–131.4
Urinary protein/urinary 

creatinine ratio, median
0.1740 0.03–2.62
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Evaluation of patients for proximal tubule 
dysfunction

As shown in Table 2, 7 (6.0%) patients had both proteinu-
ria and increased renal tubular phosphate loss measured by 
TmP/eGFR, 18 (15.6%) patients had both proteinuria and 
hyperuricosuria, and 3 (2.6%) patients had both increased 
renal tubular phosphate loss and hyperuricosuria. There 
were 24 (20.9%) patients with proximal tubular pathology 
based on the presence of two diagnostic criteria positivity 
(Table 2). Four (3.5%) patients had at least three positive 
diagnostic criteria (Table 2). The probability of occurrence 
of PTD was 0.209 (95% confidence interval  0.134–0.283).

The percentage of male patients was 58.3% (n = 14) in the 
PTD group and was 64.8% (n = 59) in the patients with nor-
mal proximal tubule function. No significant difference was 
present between these two groups (P > 0.05). The median 
age was 6 years (range: 1 month to 17 years) in the patients 
with PTD and was 10 years (range: 2 months to 17 years) in 
the patients without PTD. The median age was significantly 
lower in the patients with PTD (P = 0.028). A binary logistic 
regression model that specified presence/absence of PTD as 
a function of age (months) was not statistically significant, 
[χ2 = F(1, 115) = 79.1, P > 0.05], indicating that age could 
not be used to distinguish between presence or absence of 
PTD.

Discussion

In this prospective study, PTD was evaluated in children 
with COVID-19. About a third of the patients had higher 
serum creatinine levels or proteinuria. In addition, abnormal 
renal tubular phosphorus loss measured by TMP/eGFR was 

found in 10 (8.7%) patients, and hyperuricosuria was found 
in 28.6%. As a result, overall PTD was found in one of five 
patients in our study.

The kidney has been identified as a specific target for 
SARS-CoV-2 infection in several investigations [23–26]. 
The postmortem examination of the kidney revealed the 
accumulation of SARS-CoV-2 antigens in the renal epi-
thelial cells [23]. Despite the published articles, limited 
studies have focused on COVID-19’s effect on proximal 
tubule functions [7, 22, 27]. Detection of viral particles of 
SARS-CoV-2 in the proximal tubular epithelium and podo-
cytes associated with foot process effacement, vacuolation, 
and detachment of podocytes from the glomerular base-
ment membrane indicated the involvement of the proximal 
tubules by SARS-CoV-2 [26]. Another renal impairment was 
SARS-CoV-2-related acute kidney injury and was generally 
reported in the critically ill patients [28, 29]. In our patient's 
group, no acute kidney injury related to SARS-CoV-2 was 
observed. This result is primarily related to the study group’s 
characteristics. We focused on children who did not require 
intensive care unit admission and were thus less likely to be 
affected by COVID-19 infections.

Werion et al. reported that 70–80% of the patients with 
COVID-19 had low-molecular-weight proteinuria and that 
46% and 19% of the patients had an inappropriate urinary 
loss of uric acid and phosphate, respectively [7]. In another 
study 75% of the COVID-19 patients had at least two of 
the four criteria for PTD [22]. Patients requiring pediatric 
critical care units were more likely to show signs of renal 
involvement, such as proximal tubule injury, according to 
recent studies [22]. Despite the fact that the present study 
used similar diagnostic criteria, the rate of PTD was 20.8%, 
which was lower than the previous study. The higher rates 
of PTD in the previous study could have been attributed to 

Table 2  The distribution of the patients with COVID-19 infections for the diagnostic criteria for proximal tubule dysfunction

COVID-19 coronavirus disease 2019, PTD proximal tubular dysfunction . *The cells, showed the 24 (20.8%) patients with PTD depending on 
two positivity of diagnostic criteria. “+” positive, “–” negative

Diagnostic criteria for proximal 
tubule dysfunction

Hyperuricosuria Proteinuria Renal tubular phosphorus 
loss

Normoglycemic gly-
cosuria

Number 
of cases

– – – – 59
– – + – 2
– + – – 16

* – + + – 4
* – + + + 1

+ – – – 14
* + – + – 1
* + + – – 15
* + + – + 1
* + + + – 2

115
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a smaller sample size and to more patients being followed 
up in the critical care unit, which may be different from our 
study [22]. The administration of considerably more nephro-
toxic medications to patients in the intensive care unit may 
be associated with a higher rate of PTD as a result of having 
concomitant diseases. For this reason, in our study patients 
receiving any nephrotoxic drugs and patients with comor-
bid diseases were excluded to provide homogeneity of the 
study group and to prevent any possible confounding with 
patients in the intensive care units. As a result, it is possible 
that PTD will be found in a significant number of children 
with COVID-19 and that enrolling patients in intensive care 
units will almost certainly raise the proportion with PTD.

According to our findings, proximal tubule dysfunction is 
found not only in adults but also in children with COVID-19. 
Children were reported to have fewer symptoms than adults, 
and the attributable mortality in the children was consider-
ably lower than adults [1]. Although the pathogenesis of 
age-related differences of severity was not clearly under-
stood, the variety of ACE2 and transmembrane protease, 
serine-subtype-2 (TMPRSS2) was one of the important 
candidates for pathogenesis [30]. One of the most popular 
hypotheses is that ACE and TMPRSS2 expression and affin-
ity increase with age, while the opposing hypothesis is that 
ACE2 has anti-inflammatory properties [31–34]. Proximal 
tubular cells have been found to express high levels of ACE2 
and TMPRSS2, making them a promising target for SARS-
CoV-2 at the early stage [35]. Apart from renal cells, ACE2 
is found in the parietal epithelium of Bowman’s capsule, 
collecting ducts, a thick ascending limb of Helen, podocytes, 
proximal cell brush border, and mesangial cells, implying 
that SARS-CoV-2 targets various sites [36]. As previously 
stated, the greater affinity of SARS-spike CoV-2’s protein 
for ACE was linked to disease severity [37]. This notion was 
supported by the fact that the proportion of children with 
PTD was lower than that of adults in investigations. On the 
other hand, the significantly younger age in the patients with 
PTD supported the ACE-related hypothesis and revealed 
unknown complicated mechanisms and interactions in addi-
tion to SARS-CoV-2 and ACE receptors on the proximal 
tubule cells.

Normoglycemic glycosuria was one of the PTD was 
defining criteria. Werion et al. reported that although other 
elements of PTD were present in the patient cohort with 
different rates, no normoglycemic glucosuria was recorded 
[7]. While, Korman et al. reported that normoglycemic 
glucosuria was present in 11 (28%) of the patients and 
that the majority of these patients came from intensive 
care units [22]. Only two (1.73%) patients in our study 
exhibited normoglycemic glucosuria, indicating that the 
children had a low rate compared to most adult studies. 
There were numerous causes for the difference in PTD and 
COVID-19 infections between adults and children in the 

literature. Besides the better prognosis of the COVID-19 
infections, the comparatively low burden of chronic dis-
eases and concomitant medications, the low rate of inten-
sive care, and the mechanical ventilation requirement in 
children are key explanations for the difference.

Our study had several limitations, including a small num-
ber of measurements for some markers, lack of renal biopsy, 
and failure to detect SARS-CoV-2 at the proximal tubule 
cells, as well as the study’s single-center methodology. The 
current study’s findings, on the other hand, may be more 
credible because the study included more unvarying groups 
by the excluding patients in intensive care units, who may 
have more possible confounding factors. A better marker, 
such as low molecular weight proteins including beta-2 
microglobulin and retinol-binding protein, might be more 
helpful; however, we were unable to conduct these tests. 
To our knowledge, this is one of the first comprehensive 
studies focusing on the effect of SARS-CoV-2 infections on 
the proximal tubule functions in children with COVID-19 
infections. Our findings could help to design a screening test. 
In addition, the longer follow-up of the patients for recovery 
of PTD was missing, which would be planned in the future.

In conclusion, our findings suggested that 20.8% of the 
children with COVID-19 infections had proximal tubu-
lar dysfunction. Proximal tubular dysfunction has been 
documented not only in adults but also in children. Chil-
dren with COVID-19 infections should be followed up for 
recovery of proximal tubule dysfunction. More research 
for the evaluation of renal effects of SARS-CoV-2 on pedi-
atric patients is needed.
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