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ABSTRACT 

Background. Familial renal glucosuria ( FRG) is a hereditary disorder caused by variants in SLC5A2 encoding 
sodium-glucose cotransporter 2 ( SGLT2) . In this study, we aimed to characterize proximal tubule solute transport, 
glucagon secretion and the genotype–phenotype relationship in FRG patients. 
Methods. We sequenced SLC5A2 and PDZK1IP1 in 21 FRG patients and measured the renal threshold of glucose ( RTG ) in 

15 patients. We built an open-source online calculator of RTG , evaluated the proximal tubule transport of amino acid, 
uric acid and phosphate, and explored glucagon secretion after glucose ingestion in FRG patients. 
Results. We identified 12 novel SLC5A2 variants ( G484D, R564W, A212S, c.574 + 1G > C, W649*, S592Cfs*6, Q579*, Y339*, 
V39F, G491E, A464E and G360D) in our cohort and yielded 111 SLC5A2 variants from literature review. RTG in our cohort 
ranged from 1.0 to 9.2 mmol/L. Patients with two SLC5A2 variants had lower RTG ( 3.9 vs 6.2 mmol/L) and higher 24-h 

urinary glucose excretion ( 24hUG) than single-variant carriers ( 291.0 vs 40.0 mmol/1.73 m2 ) . Patients with homozygous 
missense or in-frame indels had mean 24hUG of 457.2 mmol/1.73 m2 , comparable to those with homozygous truncating 
variants ( 445.0 mmol/1.73 m2 ) and significantly more than those with homozygous splicing variants ( 196.6 mmol/ 
1.73 m2 ) . Patients with homozygous missense variants involving conservative residues ( 582.0 mmol/1.73 m2 ) had more 
24hUG than those with variants at non-conservative residues ( 257.6 mmol/1.73 m2 ) . Four out of 14 tested patients had 
mild aminoaciduria. The RTG of FRG patients had no significant correlation to phosphate reabsorption but a potential 
negative correlation to the fractional excretion of uric acid. Postprandial suppression of glucagon secretion was absent in 

most FRG patients. 
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Conclusions. We built a comprehensive map showing the impact of SLC5A2 variant type and variant location on 

glucosuria severity. Our results highlighted the role of key residues in maintaining the transport function of SGLT2 and 
the functional link between glucosuria and reabsorption of amino acid and uric acid in FRG patients. 

Keywords: familial renal glucosuria, genotype–phenotype relationship, SGLT2, SLC5A2 

KEY LEARNING POINTS 

What was known: 

• Familial renal glucosuria ( FRG) is caused by variants in SLC5A2 , the gene encoding sodium-glucose cotransporter 2 ( SGLT2) . 
The genotype–phenotype relationship in FRG patients has not been systematically evaluated.

• SGLT2 inhibitors, a novel class of antidiabetic agents with cardiac and renal protective effects, have been widely used in type 
2 diabetes. Detailed phenotyping of FRG patients might shed light on the long-term consequences of SGLT2 inhibition.

This study adds: 

• We provide a visualized summary of the genotype–phenotype relationship in FRG patients. Glucosuria severity is influenced 
by variant type and variant location. Homozygous missense variants, especially those involving conservative residues, can 
lead to severe glucosuria, highlighting the role of key residues in the transport function of SGLT2.

• There is a potential functional link between SGLT2 and proximal tubule transport of solutes such as uric acid and amino 
acids. Postprandial suppression in glucagon secretion is absent in most FRG patients.

• We built an open-source online calculator that made estimation of renal threshold of glucose ( RTG ) feasible in clinical set- 
tings.

Potential impact: 

• We might need to monitor impact of long-term SGLT2 inhibition on proximal renal tubule transport and glucagon secretion.
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NTRODUCTION 

amilial renal glucosuria ( FRG) is a rare hereditary renal tubu- 
ar disease with co-dominant inheritance [1 ]. Patients with FRG 

resent with glucosuria without hyperglycemia, resulting from 

lucose reabsorption dysfunction in the proximal renal tubule. 
Sodium-glucose cotransporter 2 ( SGLT2) is a transmem- 

rane protein expressed in the brush border of the S1 seg- 
ent proximal tubule cells ( PTC) [2 ] that mediates reabsorp- 

ion of 90% of the filtered glucose load [3 , 4 ]. Disease-causing 
ariants in SLC5A2 , the gene encoding SGLT2, lead to famil- 
al renal glucosuria [5 ]. A total of 111 SLC5A2 variants have 
een reported in FRG patients, with no apparent mutational 
otspot ( Supplementary data, Table S1) . In FRG patients with 
o disease-causing SLC5A2 variants identified, mutations in 
DZK1IP1 , the gene encoding MAP17, a membrane protein that 
nhances transport activity of SGLT2, have been observed [6 ]. In- 
ibitors of SGLT2 have emerged as a novel class of antidiabetic 
gents with cardiac and renal protective effects [7 , 8 ]. Pheno- 
ypes of patients with familial renal glucosuria may give us some 
nsight into the long-term consequences of SGLT2 inhibition. 

The proximal renal tubule is responsible for the reabsorption 
f multiple solutes, including sodium, glucose, phosphate, urate 
nd amino acids. Although patients with disease-causing SGLT2 
ariants primarily present with glucosuria, it has been postu- 
ated that decreased sodium and glucose reabsorption may pro- 
ote the reabsorption of phosphate [9 ] while inhibiting the re- 
bsorption of urate [10 ]. Solute transport of proximal tubule in 
amilial renal glucosuria has not been thoroughly characterized.

Increased glucagon level after SGLT2 inhibition has been re- 
orted in clinical studies [11 , 12 ], and it may play a role in the
evelopment of euglycemia diabetic ketoacidosis [13 ]. Possible 
echanisms include both carbohydrate starvation due to uri- 
ary glucose loss after SGLT2 inhibition and direct stimulation 
f pancreatic alpha cells due to interference of glucose sensing 
y SGLT2 [14 , 15 ]. However, there are few studies on the glucagon
ecretion of patients with familial renal glucosuria. 

In this study, we sequenced SLC5A2 and PDZK1IP1 in a cohort 
f 21 patients with familial renal glucosuria. We quantified their 
rinary glucose excretion using renal threshold of glucose ( RTG ) ,
haracterized solute transport in the proximal renal tubule and 
xplored glucagon secretion in response to glucose ingestion.
e reviewed all SLC5A2 variants reported in FRG patients and 

nvestigated the genotype–phenotype relationship. 

ATERIALS AND METHODS 

ubjects 

e included 21 patients presenting with renal glucosuria, i.e.
lucosuria without hyperglycemia, who visited Peking Union 
edical College Hospital ( PUMCH) from December 2017 to April 
022. Patients with disorders that could cause renal tubule dys- 
unction, such as Sjögren’s syndrome, multiple myeloma, acute 
nterstitial nephritis and chronic interstitial nephritis, were ex- 
luded. This study was approved by the ethics committee of 
UMCH ( JS-1233-2) with written informed consent from each 
articipant. 

ene sequencing and variant analysis 

enomic DNA was extracted from peripheral blood. All exons of 
LC5A2 and PDZK1IP1 were sequenced. Sequencing of Patients 1–
0 was carried out using Tubule Panel, a custom next-generation 
equencing ( NGS) panel designed for hereditary tubulopathy,
n an Ion Personal Genome Machine ( Thermo Fisher Scien- 
ific, USA) . Sequencing of Patients 11–18 was done by Sanger 
equencing ( Dia-up Biotech, Beijing, China) . For Patients 19–21,

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
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hole-exome sequencing ( BGI, China) was performed. All vari- 
nts discovered by NGS were confirmed by Sanger sequencing.
ariants were classified according to the American College of 
edical Genetics and Genomics ( ACMG) guidelines [16 ]. 

linical characterization and quantification of urinary 
lucose 

emographic data and general clinical information of the in- 
luded patients were documented. Urinary glucose excretion 
as characterized using urinalysis, 24-h urinary glucose excre- 
ion ( 24hUG) and RTG . RTG was measured as previously reported 
17 ]. Briefly, in a 4-h oral glucose tolerance test ( OGTT) , plasma
lucose ( PG) is sampled before ( 0 min) and 30 min, 60 min,
0 min, 120 min, 180 min and 240 min after 75 g glucose inges-
ion. In addition, urine samples are collected to measure urinary
lucose excretion over the 4 h ( UGE240min , Supplementary data,
ig. S1) . F rom the definition of RTG , 

Urinary glucose excretion ( UGE ) rate ( mmol/min ) 

=
{ 

0 , if PG ≤ RT G 

GF R ( L/min ) ∗ (PG ( mmol/L ) − RT G ( mmol/L ) ) , if PG > RTG . 

TG is estimated from ∫ 240 min 
0 U GE rate∗dt = U GE240 min . 

To facilitate this calculation, we built an open-source online 
alculator, which can be accessed at https://rtg.renaltubule.com.
rotocol for using this calculator to estimate RTG and a sample
ata collection sheet can be found in the Supplementary data
 Item S1 and S2) . 

roximal renal tubule solute transport and sodium 

xcretion 

o explore possible interaction between transporters in the 
roximal renal tubule, we evaluated renal handling of phos- 
hate, uric acid and amino acids. Amino acids in a morning spot
rine sample were measured using chromatography ( Patients 1–
, 10–13 and 16) or mass spectrometry ( Patient 21) . A 24-h urine
ample was collected to measure urinary uric acid ( UUA ) and uri- 
ary creatinine ( UCr ) . Serum uric acid ( SUA ) and serum creatinine 
 SCr ) were measured on the same day. Fraction excretion of uric
cid ( FeUA) was calculated by UUA * SCr /( UCr * SUA ) * 100%. The 
ubular maximum reabsorption rate of phosphate to glomerular 
ltration rate ( TmP/GFR) was calculated using urinary creatine 
 UCr ) and urinary phosphate ( UP ) from the second void morning 
rine, as well as serum creatinine ( SCr ) and serum phosphate 
 SP ) measured on the same day. The calculation of TmP/GFR 
as carried out using the Bijvoet formula which has been de-
cribed by Payne [18 ]. Briefly, fractional tubular reabsorption of
hosphate ( TRP) was calculated as 1 – [( SCr * UP ) /( UCr * SP ) ].
mP/GFR was calculated as TRP * SP when TRP was ≤0.86
nd ( 0.3 * TRP * SP ) /( 1 – 0.8 * TRP) when TRP was > 0.86. For
odium excretion, we measured 24 h urinary sodium excretion 
 24hUNa) and calculated fractional excretion of sodium ( FeNa) 
sing ( 24hUNa * SCr) /( 24hUCr * SNa) . 

lucagon levels 

lucagon levels were measured using blood samples taken be- 
ore ( 0 min) and 30 min, 60 min, 90 min, 120 min, 180 min and
40 min after 75 g glucose ingestion during a 4-h oral glucose
olerance test by radioimmunoassay ( North Institute of Biotech- 
ology, Beijing, China) . Each measurement was repeated twice. 
iterature review and genotype–phenotype relationship 

e searched PubMed with the keyword ‘Renal Glucosuria OR
GLT2 OR SLC5A2 ’ until May 2022. Patients’ geographic regions,
LC5A2 variants and quantification of glucosuria were summa-
ized. We visualized variant frequency in Chinese FRG patients
sing the R package trackViewer [19 , 20 ]. Homozygous variants
ere counted twice, and heterozygous variants were counted
nce. Variants in the same pedigree were counted only once.
ariants were mapped on the protein domains according to
rotein structure deciphered by Niu et al. [2 ]. To explore the
enotype–phenotype relationship, we compared 24-h urinary 
lucose in patients with different variant types and plotted 24-h
rinary glucose against the variant location. 

tatistical analysis 

ormally distributed variables were expressed as mean ± stan-
ard deviation ( SD) . For variables with normal distribution and
omogeneity of variance, we used the unpaired t- test for two in-
ependent groups and paired t- test for two sets of joint observa-
ions. Otherwise, the Wilcoxon rank-sum test ( Mann–Whitney U 

est) was used to assess the difference between the two indepen-
ent samples. Non-parametric Kruskal–Wallis H test was used to
ssess the difference among multiple independent samples. Af-
er the Kruskal–Wallis test, variations of statistical significance
ere further subjected to post hoc pairwise analysis using the
ilcoxon rank-sum test and Bonferroni’s correction. Statistical 

ignificance was assumed when P < .05. Statistical analysis was
erformed with GraphPad Prism 9.4.1 or R packages ‘stats’ [19 ]
nd ‘car’ [21 ]. 

ESULTS 

enetic characterization of the FRG cohort 

mong the 21 patients with renal glucosuria ( Table 1 ) , 62% were
ale and the mean age of presentation was 39.6 ± 10.9 years.
xcept for three female patients ( Nos 1, 16 and 19) who com-
lained of urinary irritation symptoms, most patients had inci-
ental findings of glucosuria. Most patients had completely nor-
al blood glucose ( BG) levels in the oral glucose tolerance test.
owever, some patients had impaired fasting BG ( Patients 1, 3,
nd 10) or slightly elevated 2hBG ( Patients 1, 7, 10 and 18) . No-
ably, Patients 3, 8, 12, 15 and 17 had 2hBG levels lower or equal
o fasting BG. All the patients had normal estimated glomerular
ltration rate. 
Sequencing of SLC5A2 yielded 27 rare variants ( Table 1 ) , in-

luding 18 missense variants, four splicing variants, three non-
ense variants, one frameshift deletion and one in-frame dele-
ion. Twelve of these variants were novel: G484D, R564W, A212S,
.574 + 1G > C, W649*, S592Cfs*6, Q579*, Y339*, V39F, G491E, A464E
nd G360D. Thirteen patients were heterozygous, and eight pa-
ients carried two variants. According to the ACMG criteria, six
ariants ( c.127–16C > A, c.574 + 1G > C, Y339*, c.1665 + 1G > A, Q579*
nd S592Cfs*6) were classified as pathogenic, eight variants 
 A89T, R132H, R137H, c.886–31_886–10del, V385_A388del, A474P,
479G and R564W) were classified as likely pathogenic and the
est of the variants were classified as variants of uncertain sig-
ificance ( Supplementary data, Table S2) . 
Sequencing of PDZK1IP1 yielded two variants: one likely

athogenic variant p.N26fs*39 in Patient 4 and one variant of un-
ertain significance ( V44I) in Patients 15 and 18. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://rtg.renaltubule.com
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
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Figure 1: Variant distribution and glucosuria severity mapped onto SGLT2 protein domain structure ( modified from Niu et al . [2]) . Protein domains are plotted as 
deciphered by Niu et al . Alpha helices are shown as rectangles, and unmodeled residues are shown as dashed lines. Conserved residues are colored in different shades 
of blue. Residues that form disulfide bonds to stabilize the extracellular structure are highlighted in yellow. Residues that interact with MAP17 are marked with a blue 

box. Residues that bind Na+ and glucose are shown in red and green boxes, respectively. Missense and nonsense variants are marked with * and #, respectively. Black 
symbols ( * and #) indicate variants previously reported in the literature, and red symbols indicate novel variants identified by this study. Allele count is listed below 

each variant and coloured in shades of green. 24hUG of homozygous and heterozygous carriers of each variant are visualized in different shades of gold and red, 
respectively. Both 24hUG corrected and not corrected by body surface area ( in mmol/1.73 m2 /day and mmol/day) are included in this figure. 
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iterature review and visualization of SLC5A2 variant 
istribution 

ur literature review yielded 111 SLC5A2 variants in 157 FRG pa-
ients up to May 2022, including 85 missense variants, 4 non-
ense variants, 10 frameshift indels, 3 in-frame indels, 8 splicing
ariants and 1 duplication. We mapped the distribution of mis-
ense and nonsense variants onto the protein structure in Fig. 1 ,
nd summarized the SLC5A2 variants and quantification of glu- 
osuria ( 24-h urinary glucose, spot urine glucose concentration,
r spot urine glucose–creatinine ratio) in Supplementary data,
able S1. Fifty-thr ee v ariants identified in 65 Chinese FRG pa-
ients, including 27 variants found in this study, were mapped
nto the SLC5A2 gene structure in Fig. 2 . The variants were
ighly diverse, with 90.6% of the variants occurring only once
r twice. Variants with relatively high frequency included c.886–
1_886–10del ( 10.8%) , c.1540C > T ( 6.2%) and c.127–16C > A ( 3.8%) . 

uantification of glucosuria and genotype–phenotype 
elationship 

stimated RTG ranged from 1.0 to 9.2 mmol/L, corresponding to 
he spectrum from severe to slight impairment of glucose re-
bsorption ( Table 1 ) . RTG was inversely correlated to lg( 24hUG) 
 R2 = 0.765, Fig. 3 A) . In our cohort, patients with two SLC5A2 vari-
nts had lower mean RTG than those with a single variant ( 3.9
s 6.2 mmol/L, P = .057, Fig. 3 B) . Similarly, our literature review
howed that patients carrying two variants had higher mean 
4hUG than single variant carriers ( 291.0 vs 40.0 mmol/1.73 m2 ,
 < .0001, Fig. 3 D) . Patients with homozygous missense vari-
nts or in-frame indels had mean 24hUG comparable to those
ith homozygous truncating variants ( 457.2 vs 445.0 mmol/ 
.73 m2 ) , and much higher than carriers of homozygous splic-
ng variants ( 196.6 mmol/1.73 m2 , P < .05, Fig. 3 F) . Patients with
omozygous missense variants involving conservative residues 
ad significantly higher mean 24hUG than carriers of homozy-
ous missense variants at non-conservative residues ( 582.0 vs 
57.6 mmol/1.73 m2 , P < .01, Fig. 3 G) . To visualize the genotype–
henotype relationship, we built comprehensive maps includ- 
ng variant type, zygosity, variant location and 24hUG on the
LC5A2 gene structure ( Fig. 3 H) and on the SGLT2 protein do-
ains ( Fig. 1 ) . 

olute reabsorption of the proximal tubule and sodium 

xcretion 

hromatography showed suspiciously positive aminoaciduria in 
atient 5 and weakly positive results in three patients ( Nos 2,
 and 16) among 13 tested patients. For Patient 21, mass spec-
rometry revealed slightly elevated ( 1–2 × upper limit of nor- 
al range) alanine, citrulline, lysine, methionine, phenylalanine,

ryptophan, tyrosine and valine levels ( Table 2 ) . We observed
ow-normal mean serum uric acid ( UA) levels ( 279 ± 70 μmol/L) 
nd normal mean 24-h urinary UA excretion ( 3.56 ± 0.70 mmol)
n FRG patients ( Table 2 ) . The mean FeUA was 6.94 ± 2.28%,
ith a potential negative correlation between FeUA and RTG 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
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 R2 = 0.5150, Fig. 4 A) . FRG patients had a mean serum phos-
hate level of 1.14 mmol/L and a mean TmP/GFR of 1.03 mmol/L.
ost patients had normal TmP/GFR, except for Patients 14 and 
, who had a slightly decreased or increased TmP/GFR, respec- 
ively. We did not observe any correlation between TmP/GFR and 
TG ( Fig. 4 B) . 
As is shown in Supplementary data, Table S4, 24hUNa ranged 

rom 81 to 398 mmol, with mean 24hUNa of 191.93 ± 79.34 mmol.
eNa ranged from 0.34% to 1.01% and mean FeNa was 
.65 ± 0.20%. We did not observe correlation between sodium ex- 
retion ( 24hUNa or FeNa) and glucose excretion ( 24hUG or RTG ,
ig. 4 C–E) . 

lucagon secretion and RTG 

he mean fasting glucagon level ( 133.4 ng/L) in 12 FRG patients 
as lower than the mean glucagon level 30 min ( 174.6 ng/L,
 = .005) and 120 min after glucose ingestion ( 165.4 ng/L, P = .038,
ig. 5 B) . Only Patient 15 had decreased 30 min postprandial 
lucagon compared with fasting. Four patients ( No. 6, 7, 15 
nd 18) had lower 120 min postprandial glucagon than fast- 
ng. We found no apparent correlation between glucagon levels 
nd RTG ( Fig. 5 C and D) . The area under the curve ( AUC) of the 
lucagon–time curve had no significant correlation with RTG lev- 
ls ( R2 = 0.08, Fig. 5 D) . 

ISCUSSION 

n this study, we provided a visualized overview of the SLC5A2 
utational landscape and genotype–phenotype relationship,
nd identified the crucial role of missense and in-frame indels,
specially those involving conservative residues. We developed 
n open-source online calculator to facilitate the estimation of 
he RTG for clinicians. We systematically evaluated alterations 
n proximal renal tubule solute transport and plasma glucagon 
evels in FRG patients to delineate long-term effects of SGLT2 in- 
ibition. 
We built the most comprehensive genotype–phenotype 

ataset in FRG, including 12 novel SLC5A2 variants identified in 
his study and 111 variants from the literature review. Projection 
f the variants onto the SLC5A2 gene structure showed that the 
ariants are distributed throughout the gene without obvious 
utational hotspot. Patients carrying two SLC5A2 variants had 

ower RTG and larger amounts of urinary glucose excretion than 
hose carrying a single variant, consistent with the previously 
eported co-dominant inheritance pattern [1 ]. Notably, homozy- 
ous missense or in-frame indel carriers can have glucosuria as 
evere as patients with homozygous truncating variants, high- 
ighting the role of key residues in maintaining the structure 
nd the transport function of SGLT2. This is echoed by the find-
ng that patients with homozygous missense variants affecting 
onservative residues have significantly more urinary glucose 
xcretion than those with variants involving non-conservative 
esidues. 

One prominent example is that homozygous missense vari- 
nt K321R at the glucose binding site leads to severe glu- 
osuria ( mean 24hUG 635.2 mmol/1.73 m2 /day) . Another in- 
eresting finding is that patients with homozygous nonsense 
ariants with predicted nonsense-mediated decay ( NMD) , i.e.
ariants located at least 50 nucleotides upstream of the last 
xon junction ( Y128*, W440*) , had 24hUG ranging from 342.2 to 
03.9 mmol/1.73 m2 /day, lower than what would be expected if 
MD occurred. Compensatory glucose reabsorption mediated by 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad265#supplementary-data
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Figure 3: Genotype–phenotype relationship in FRG patients. ( A) 24hUG is inversely related to RTG [lg( 24hUG) = −0.1881 * RTG + 2.252, R2 = 0.7650]. ( B) In our cohort, 
patients with two SLC5A2 variants had lower RTG than those with only one ( mean RTG 3.9 ± 2.1 vs 6.2 ± 2.0 mmol/L, P = .057) . ( C) In our cohort, the mean RTG 

of patients carrying heterozygous pathogenic/likely pathogenic ( P/LP) variants was not significantly different from that of patients with heterozygous variants of 
uncertain significance ( VUS) ( 6.08 ± 2.20 vs 6.30 ± 1.95 mmol/L, P = .8897) . ( D) Literature review showed that 24hUG corrected by body surface area of patients carrying 

a single SLC5A2 variant were significantly lower than those carrying two variants ( 40.0 ± 51.5 vs 291.0 ± 248.0 mmol/1.73 m2 , P < .0001) . ( E) Literature review showed 
that 24hUG of patients with P/LP variants were not significantly different from those with VUS variants ( homozygous: 387.3 ± 202.7 vs 409.8 ± 234.6 mmol/1.73 m2 , 
P = .7599; heterozygous: 36.27 ± 34.20 vs 44.01 ± 66.55 mmol/1.73 m2 , P = .7924) . Homo = homozygous, hetero = heterozygous. ( F) Patients from the literature were 
divided according to the type of variant they carried: mis + in-frame ( missense variants and in-frame indels) , truncating ( nonsense variants and frameshift variants) 

and splicing variants. Patients with homozygous splicing variants had significantly less 24hUG ( 196.6 ± 150.6 mmol/1.73 m2 ) than those with homozygous truncating 
( 445.0 ± 182.5 mmol/1.73 m2 ) or mis + in-frame variants ( 457.2 ± 224.1 mmol/1.73m2 , P < .05) . ( G) Patients carrying missense variants were divided according to the 
conservativeness of the involved amino acid. Patients with homozygous variants at conservative residues had more 24hUG ( 582.0 ± 176.1 mmol/1.73 m2 ) than those 
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Figure 3: ( continued) with variants involving non-conservative residues ( 257.6 ± 124.3 mmol/1.73 m2 , P < 0.01) . ( H) 24hUG mapped on the SLC5A2 gene structure. Each 
node represents one variant, and the node’s height corresponds to an average of 24hUG of FRG patients carrying this variant. Nodes on the top: heterozygotes; nodes on 
the bottom: homozygotes. The colour of the nodes represents variant types ( black: missense variants; pink: in-frame indels; green: frameshift indels; blue: nonsense 

variants; cyan: splicing variants) . Circles: 24hUG normalized by body surface area ( mmol/1.73 m2 /day) ; squares: 24hUG in mmol/day. 

Table 2: Solute transport of the proximal tubule in FRG patients. 

No. Aminoaciduria 
RTG 

( mmol/L) 24hUG ( mmol) 
UA 

( μmol/L) 
24hUA excretion 

( mmol) FeUA ( %) 
P 

( mmol/L) 
TmP/GFR 
( mmol/L) 

1 Negative 6.3 126.39 246 2.63 5.20 1.21 / 
2 Weakly positive / / 296 / / 1.22 / 
3 Negative 3.8 323.00 231 4.34 6.56 1.08 / 
4 Negative / / 244 3.46 7.18 1.10 / 
5 Suspiciously positive / / 209 / / 1.30 / 
6 Negative 6.2 22.00 308 3.18 6.62 1.02 1.014 
7 Negative 1.0 676.50 194 4.05 8.93 0.94 0.974 
8 Negative 2.1 328.78 152 3.73 8.90 1.30 1.435 
9 / / / 220 / / 1.21 / 
10 Negative 9.2 42.89 379 3.30 3.21 1.10 1.090 
11 Negative 6.4 30.39 375 / / 1.12 / 
12 Negative 8.0 11.78 283 3.54 7.45 1.17 / 
13 Weakly positive 4.3 / 348 3.45 5.29 1.01 0.930 
14 / 3.6 307.56 271 3.29 8.57 0.85 0.658 
15 / 6.4 / 333 / / 1.15 / 
16 Weakly positive 8.2 19.06 292 2.55 5.01 1.29 1.107 
17 / 4.2 / 194 / / 1.04 / 
18 / 4.0 170.33 363 5.22 5.39 1.16 / 
19 / / / 196 3.58 12.00 1.21 / 
20 / / / 371 / / 1.19 / 
21 Positive 5.1 / 350 / / 1.17 / 
Mean ± SD 5.2 ± 2.3 187.15 ± 206.91 279 ± 70 3.56 ± 0.70 6.94 ± 2.28 1.14 ± 0.12 1.03 ± 0.23 

/: lab results not available; UA: blood uric acid, normal range 210–416 μmol/L ( male) or 150–357 μmol/L ( female) ; P: serum phosphate, normal range 0.81–1.45 mmol/L; 
TmP/GFR: the ratio of the renal tubular maximum reabsorption rate of phosphate to glomerular filtration rate, normal range 0.8–1.35 mmol/L. 
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GLT1 [22 ] might play a role in this discrepancy, yet the exact 
echanism warrants further study. 
MAP17, encoded by PDZK1IP1 , can interact with the 13th 

ransmembrane helix of SGLT2 [2 ] and enhance its transport ac- 
ivity [6 ]. There have been reports of homozygous carriers of 
plicing variant c.176 + 1G > A in PDZK1IP1 to present with re- 
al glucosuria without detectable variants in SLC5A2 [6 ]. In our 
ohort, Patient 4 carried both a heterozygous SLC5A2 variant 
.1665 + 1G > A and a heterozygous PDZK1IP1 variant N26fs*39.
oth variants were inherited from the proband’s father, making 
t hard to delineate the impact of each variant from the pedigree 
nalysis. Both Patients 15 and 18 carried a heterozygous mis- 
ense PDZK1IP1 variant V44I besides SLC5A2 variants, which af- 
ects a residue that interacts with SGLT2 [2 ] but has a relatively 
igh minor allele frequency at 0.0494 in East Asian populations 
n gnomAD. Further data are still needed to reveal the frequency 
f PDZK1IP1 variants in FRG patients and whether they can act 
s a modifier to SLC5A2 variants. 

The RTG is defined as the plasma glucose level at which the 
ltered glucose load meets the maximum reabsorption capac- 
ty of the renal tubule, and begins to leak from the urine. RTG 

n healthy subjects has been reported to be 9.5–11.0 mmol/L 
23 , 24 ]. The gold standard for the determination of RTG is the 
tepwise hyperglycemic clamp procedure ( SHCP) . However, this 
s a complicated procedure requiring special equipment, limit- 
ng its application in clinical settings. Polidori et al. validated a 
ovel method to estimate RTG from urinary glucose excretion 
nd blood glucose–time curve and proved its consistency with 
he SHCP method [17 ]. Aires et al. first applied this method in
amilial renal glucosuria patients and found that homozygous 
ariant carriers had much lower mean RTG ( 0.95 mmol/L) than 
eterozygous variant carriers ( 4.91 mmol/L) [25 ]. Yet this method 
equires complicated calculation, which is difficult to carry out 
n clinical settings. We adopted this method to estimate RTG in 
 4-h OGTT and developed an open-source online calculator to 
acilitate the calculation for clinicians. For plasma glucose levels 
ampled at time points other than 0 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h
nd 4 h, we also developed a ‘Use Other Timepoints’ option to 
llow greater flexibility. 

We observed that FRG patients had mild alterations in prox- 
mal renal tubule transport of solutes such as UA and amino 
cids. We found that FRG patients had slightly decreased serum 

A levels and that FeUA correlates with glucosuria severity. This 
s consistent with our previous findings that SGLT2 inhibitors 
nduced a dose-dependent reduction in serum UA levels [10 ]. In- 
eed, urinary UA excretion increased with glucosuria in patients 
ith type 1 [26 ] and type 2 diabetes [10 , 27 ], regardless of whether
he glucosuria was caused by hyperglycemia or SGLT2 inhibition.
lthough the mechanism is not entirely clear, Chino et al. ob- 
erved that extracellular glucose could stimulate the secretion of 
A by GLUT9 in Xenopus oocytes [28 ] and suggested that glucose- 
timulating GLUT9-mediated excretion of UA at the proximal 
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Figure 4: Phosphate and UA reabsorption in the proximal tubule and sodium excretion of patients with different RTG levels. ( A) FeUA seems to negatively correlate 

with RTG ( FeUA = −0.5057 * RTG + 9.073, R2 = 0.5150) . ( B) One patient had slightly decreased TmP/GFR, and one patient had slightly increased TmP/GFR. The rest of the 
patients had TmP/GFR within the normal range ( 0.8–1.35 mmol/L) . No correlation was observed between TmP/GFR and RTG . ( C) FeNa showed no correlation with RTG . 
( D , E) The data did not show any correlation between sodium excretion ( 24hUNa) and glucose excretion ( RTG or 24hUG) . 
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ubule might explain the uricosuric effect of glucosuria. Our 
nding that 35.7% of FRG patients had mild aminoaciduria in-
icated that aminoaciduria might be more prevalent in FRG 

atients than previously reported [29 ]. Aminoaciduria has also 
een reported in type 1 and type 2 diabetic patients with gluco-
uria [30 ]. Although the exact mechanism remains to be eluci-
ated, our observations suggest a functional link between trans- 
orters in PTC. 
As both SGLT2 and Na+ /phosphate cotransporters utilize 

he Na+ gradient at the brush border in PTC, it has been pro-
osed that reduction in Na+ /glucose transport might increase 
a+ /phosphate reabsorption, raising concerns over long-term 

one health with SGLT2 inhibition. Previous clinical studies 
howed that 5-day treatment of canagliflozin induced a 16% in-
rease in serum phosphate in healthy volunteers [9 ] and 6-week
reatment of dapagliflozin increased serum phosphate by 9% in 
ype 2 diabetes patients [31 ]. Although Sweet Pee mice carrying
omozygous nonsense SLC5A2 variant had elevated fractional 
xcretion of phosphate compared with wild-type, there was no
ignificant change in 24-h phosphate excretion or serum phos-
hate levels [32 ]. In our cohort, five out of seven FRG patients had
ormal TmP/GFR. Unlike UA, we did not observe a correlation
etween phosphate handling ( TmP/GFR) and glucose handling 
 RTG ) . 

Sodium wasting and activation of renin–angiotensin–
ldosterone system were reported in some FRG patients [33 ,
4 ]. In our FRG cohort, the mean 24hUNa ( 191.93 mmol) was
omparable to the level previously reported in Chinese pop-
lation ( mean 24hUNa 189.07 mmol) [35 ]. FeNa in our cohort
 0.65 ± 0.20%) was comparable to FeNa previously reported 
n control group [36 ]. We did not find evidence of correlation
etween sodium excretion and glucose excretion. In line with
revious findings that the natriuretic effect of SGLT2 inhibitors
as evident in the acute phase and blunted in the chronic phase
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Figure 5: The relationship between glucagon secretion and RTG . Plasma glucose ( A) and glucagon ( B) levels were sampled in FRG patients during a 4-h OGTT 
( mean ± standard error) . ( C) Heatmap visualizing the relationship between glucagon levels and RTG . Each row represents an FRG patient arranged in the order of 

RTG , and each column represents a time point in the OGTT. Glucagon levels are represented with different shades of colour. ( D) No significant correlation was observed 
between the area under the curve ( AUC) of the glucagon–time curve and RTG . 
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36 –39 ], our observations might reflect adaptation to chronic 
GLT2 deficiency. 

As clinical studies in diabetic patients demonstrated in- 
reased glucagon levels after the use of SGLT2 inhibitors [11 ,
2 ], we measured glucagon levels in 12 FRG patients who under- 
ent OGTT-based RTG measurement. We observed that many 
RG patients had higher plasma glucagon levels 30 min and 
20 min after glucose ingestion compared with fasting. Despite 
he classical belief of postprandial suppression of glucagon, re- 
ults from clinical studies are discrepant. Færch et al. observed 
hat most diabetic and prediabetic subjects had lower glucagon 
evels 120 min after glucose intake than at 0 min, and that those 
ith non-suppressive 30-min glucagon had higher insulin resis- 
ance [40 ]. On the other hand, Wagner et al. reported that 21%–
4% of subjects with normal glucose tolerance or prediabetes 
ad increased glucagon at 120 min and that non-suppressed 
lucagon was associated with a lower risk of impaired glucose 
olerance [41 ]. This controversy likely reflects the complexity of 
lucagon secretion regulation and the diversity of the included 
opulation. Nonsuppressive postprandial glucagon observed in 
ur FRG cohort might either be due to altered glucose sensing 
f pancreatic alpha cells [15 ] or lower plasma glucose levels due 
o urinary glucose loss. Further studies characterizing glucagon 
nd insulin responses during euglycemic glucose clamps in 
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oth FRG patients and healthy controls will shed light on this
opic. 

imitations 

his study has several limitations. As FRG is a rare disease, sta-
istical power is limited by the relatively small sample size at a
ingle institute. We hope to conduct multicentre studies with a
arger sample size in the future based on collaborative networks
uch as the National Rare Diseases Registry System of China. For
atients carrying two SLC5A2 variants, we did not test whether
he two alleles were in cis or in trans . We hope that development
f long-read sequencing techniques will facilitate variant phas- 
ng. In this study, we did not carry out in vitro characterization
f the SLC5A2 variants. We hope to conduct systematic evalua-
ion of the impact of variants on the expression and transport
unction of SGLT2 in future studies. 

ONCLUSION 

e built a comprehensive genotype–phenotype correlation map 
n FRG showing the impact of SLC5A2 variant type and vari-
nt location on glucosuria severity, and highlighted the role of
ey residues in maintaining the transport function of SGLT2. We
dentified a functional link between glucosuria and transport of 
ther solutes, such as amino acids and UA, in the proximal renal
ubule in FRG patients. 
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