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ABSTRACT
Background: Diabetes is associated with low plasma vitamin C
concentrations.
Objectives: We investigated the contribution of dysregulated
vitamin C renal physiology, its prevalence, and associated clinical
characteristics.
Methods: An essential prerequisite was determination of normal
vitamin C renal threshold, the plasma concentration at which vitamin
C first appears in urine. Using data from 17 healthy participants
who underwent vitamin C depletion–repletion studies with a vitamin
C dose range of 15–1250 mg daily, renal threshold was estimated
using physiology-based pharmacokinetics modeling. Applying renal
threshold 95% CIs, we estimated the minimal elimination threshold,
the plasma concentration below which no vitamin C was expected in
urine of healthy people. Renal leak was defined as abnormal presence
of vitamin C in urine with plasma concentrations below the minimal
elimination threshold. Criteria were tested in a cross-sectional cohort
study of individuals with diabetes (82) and nondiabetic controls (80)
using matched plasma and urine samples.
Results: Vitamin C renal thresholds in healthy men and women
were [mean (SD)] 48.5 (5.2) μM and 58.3 (7.5) μM, respectively.
Compared with nondiabetic controls, participants with diabetes had
significantly higher prevalence of vitamin C renal leak (9% compared
with 33%; OR: 5.07; 95% CI: 1.97, 14.83; P < 0.001) and 30%
lower mean plasma vitamin C concentrations (53.1 μM compared
with 40.9 μM, P < 0.001). Fasting plasma glucose, glycosylated
hemoglobin A1c, BMI, micro/macrovascular complications, and
protein/creatinine ratio were predictive of vitamin C renal leak.
Conclusions: Increased prevalence of vitamin C renal leak in
diabetes is associated with reduced plasma vitamin C concentra-
tions. Glycemic control, microvascular complications, obesity, and
proteinuria are predictive of renal leak. Am J Clin Nutr
2022;116:274–284.
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Introduction
Vitamin C is a potent water-soluble antioxidant in humans

that is required for many reactions, both enzyme dependent
and enzyme independent (1, 2). Diabetes and its microvascular
and macrovascular complications are associated with increased
oxidative stress and decreased antioxidant capacity (3, 4).
Compared with healthy populations, vitamin C concentrations
are lower in people with diabetes (5–9). In addition, several
recent studies have shown a clinical benefit of vitamin C
supplementation in diabetes, with varying levels of evidence
(10–13). Unfortunately, many studies of vitamin C in diabetes
have vitamin C assay limitations, including nonspecificity,
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interferences, insensitivity, analyte instability, and ambiguous
methodology (1, 14–16). Beyond assay uncertainties, reduced
vitamin C concentrations in diabetes could be due to limited
dietary intake, decreased bioavailability, and increased utilization
(1, 2, 17). A major but poorly characterized explanation of
reduced vitamin C concentrations in diabetes is abnormal renal
loss. To determine whether abnormal renal loss of vitamin C
occurs in diabetes, a key prerequisite is knowledge of vitamin
C renal physiology in healthy people.

Vitamin C dose–concentration studies indicate that plasma
vitamin C concentrations are tightly regulated in healthy
individuals (18, 19). These studies are consistent with the
existence of a renal threshold, the plasma concentration at
which vitamin C first appears in urine. When plasma vitamin
C concentrations exceed renal threshold, the amount of filtered
vitamin C exceeds renal tubular absorptive capacity, and vitamin
C is appropriately excreted into urine. The apical tubular
reabsorptive transporter is SVCT1 (20–22). The basolateral efflux
transporter has not been identified and may be a transporter
other than SVCT1 or SVCT2 (22, 23). Precise sex-specific renal
threshold values for women and men are essential for ascertaining
when urinary vitamin C excretion is physiologic and appropriate
for a given plasma vitamin C concentration or abnormal and
potentially indicative of pathology. Prior studies aimed to charac-
terize a normal renal threshold for vitamin C, but measurements
suffered from similar methodology limitations as described above
for diabetes, with additional concerns of narrow vitamin C dose
ranges and minimal accounting for sex differences (24–29).

Our studies had 3 major objectives. First, in healthy men
and women, we characterized normal vitamin C renal thresholds
using data obtained from vitamin C depletion–repletion and
dose–concentration studies (18, 19). Second, we used renal
threshold data to determine when urinary vitamin C excretion
would be abnormal for a given plasma vitamin C concentration.
Abnormal urinary vitamin C excretion is referred to as a renal
leak. Third, we used these criteria for renal leak to investigate
vitamin C pathophysiology in diabetes. We hypothesized that a
renal threshold for vitamin C might be dysregulated in diabetes,
and the consequences would be abnormal urinary vitamin C
excretion (renal leak). To test our hypothesis, we used a sensitive
and specific vitamin C HPLC coulometric electrochemical assay
to investigate urinary vitamin C excretion, prevalence of renal
leak, and associated clinical characteristics of vitamin C renal
leak in a cohort of individuals with diabetes and nondiabetic
controls.

Methods
To achieve objectives, 2 component studies were conducted.

First was determination of vitamin C renal threshold using data
from depletion–repletion studies in healthy men and women.
Second was a cross-sectional cohort study of vitamin C renal leak
in individuals with diabetes and nondiabetic controls.

Determination of vitamin C renal threshold and renal leak
criteria: depletion–repletion studies

Study design, settings.

This was a nonrandomized interventional study aimed at
determining normal vitamin C renal threshold in healthy men

and women using a vitamin C depletion–repletion protocol
(92-DK-0033). The data and analyses in this article have not
been previously published. The protocol was approved by the
Institutional Review Board, National Institutes of Diabetes and
Digestive and Kidney Diseases (NIDDK), NIH.

Participants, interventions.

Healthy men and women aged 18–35 y without any acute or
chronic medical conditions.

Study interventions.

For the whole study, both depletion and repletion phases,
participants consumed a vitamin C–restricted diet that contained
<5 mg/d. Upon admission, participants were placed on the
diet, and all participants achieved nadir plasma vitamin C
concentrations <10 μM within 29 d. Participants continued
the diet but were then repleted sequentially with 7 escalating
doses of oral ascorbic acid, from 30 mg to 2500 mg. Half of
each dose was administered twice daily in the fasted state until
achievement of steady-state concentration, defined as the mean of
5 or more samples obtained over at least 7 d with <10% SD. Each
participant had 5–7 oral and 5–7 intravenous pharmacokinetic
studies over a 13-fold or greater dose range. Once steady state was
achieved for each dose, 2 sequential bioavailability studies were
performed using first oral and then intravenous vitamin C, with
collection of urine and plasma samples throughout. Additional
information about study design and diet is provided as described
(18, 19, 30, 31).

Study outcomes, analyses.

The major study outcomes were to determine normal vitamin
C renal threshold (the vitamin C plasma concentration in which
filtered vitamin C first appears in urine), minimal elimination
threshold (MET; the plasma vitamin C concentration 2 SD
below the renal threshold), and criteria for abnormal urinary
vitamin C excretion (renal leak). Vitamin C renal threshold
is defined as the plasma vitamin C concentration during a
bioavailability study at which vitamin C first appears in the
urine during a repletion phase or when urinary elimination
stops during a depletion phase. Data from the NIH depletion
study in men and women were used to estimate the vitamin
C renal threshold by 2 different methods: physiology-based
pharmacokinetics modeling (PBPK) and population curve fitting
(PCF) with empirical functions. PBPK used a physiologic-based
pharmacokinetics model of vitamin C that incorporated nonlinear
absorption, tissue distribution, and renal elimination/reabsorption
kinetics with 5 interconnected compartments (absorption, central,
tissue, renal tubule, and urine) as well as gut loss and tissue
metabolism (more details in Supplemental Methods). Based
on data from healthy men, this model facilitated description of
pharmacokinetics–time profiles of vitamin C in plasma, urine,
and tissues simultaneously (19, 30). Goodness-of-fit analyses
support the use of this model to data from healthy women (18,
30). For PCF, plasma and urine values were analyzed using
nonlinear mixed-effect modeling. PCF fits empirical functions
to data from all participants of each sex to estimate the renal
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threshold for that population of men and women (details in
Supplemental Methods). Using PBPK analyses, we defined the
MET as that plasma concentration 2 SD below the mean renal
threshold for men and for women based on guidelines for
estimating dietary reference intakes (32). When plasma vitamin C
concentrations are less than the MET, urinary vitamin C excretion
is abnormal, a term referred to as renal leak.

Sample collection and vitamin C assay.

Urine and plasma vitamin C were analyzed by HPLC with
coulometric electrochemical detection as described, limit of
detection 0.01 mg/total urine volume (18, 19, 33, 34) (see
Supplemental Methods). Other blood and urine chemistry mea-
surements were performed, using standard laboratory methods,
by the Department of Laboratory Medicine Clinical Laboratory
Improvement Amendments (CLIA) ID number 21D0665373,
Clinical Research Center, NIH.

Cross-sectional cohort study of vitamin C renal leak in
individuals with diabetes and nondiabetic controls

Study design.

This was a nonrandomized cross-sectional cohort outpatient
study aimed at investigating the prevalence and clinical charac-
teristics of vitamin C renal leak in a cohort of individuals with
type 1 or type 2 diabetes and nondiabetic controls (04-DK-0021).
The protocol was approved by the Institutional Review Boards of
the NIDDK, NIH.

Participants and recruitment.

The study included a cohort of diabetic and nondiabetic
individuals aged 18–65 y, without known acute or chronic
medical conditions other than complications of diabetes mellitus
or metabolic syndrome. Exclusion criteria included presence
of an acute or chronic illness, alcohol abuse or tobacco use,
and pregnancy. The exclusion criteria were chosen to avoid
conditions that may confound study findings, given reported
association of these conditions with vitamin C dysregulation (1,
2, 35). Recruitment was conducted using recruitment flyers and
advertisements displayed in the community, on social media, and
in online registries.

Screening evaluation.

Interested participants were prescreened by telephone and
completed a structured questionnaire on their medical history.
Eligible participants were then scheduled for an outpatient
screening visit at the NIH Clinical Research Center (CRC) for
a more detailed clinical history and physical examination by
research investigators. Participants who met screening criteria
were scheduled for the protocol sampling studies on a rolling
basis to accommodate use of the CRC’s metabolic unit.

Study interventions.

Approximately 2 wk prior to study sampling, participants were
instructed to avoid vitamin C supplements. Participants were
also instructed to avoid food or drinks (other than water and

medications) after midnight, prior to study sampling day. On the
morning of study sampling, participants were admitted to the
NIH CRC’s metabolic unit as outpatients. They were instructed
to empty their bladder. One hour later, matched urine and fasting
blood samples were obtained for measurement of vitamin C
concentrations, chemistry, and related studies. Participants were
subsequently provided with a meal and discharged home.

Study groups and comparators for analyses.

Two groups of participants who met the inclusion and
exclusion criteria were used for data analyses: diabetes cohort
and nondiabetic control group. The diabetes cohort comprised
men and women with type 1 or type 2 diabetes. The nondiabetic
control group was made up of individuals without diabetes and
who were not taking any chronic medications.

Study outcomes and endpoints.

The primary outcome was prevalence of vitamin C renal leak
in the diabetes cohort compared with nondiabetic control. The
MET and vitamin C renal leak criteria were derived using data
from vitamin C depletion–repletion studies and physiology-based
pharmacokinetic modeling (see Methods section on depletion–
repletion studies). Using the renal leak criteria, participants
were classified as “leakers” or “nonleakers” based on fasting
plasma and matched urine vitamin C concentrations. This
binary criterion is a qualitative measure indicating the presence
or absence of a renal leak in a participant. The prevalence
of renal leak was calculated as the proportion of leakers in
each population cohort. Secondary outcomes assessed mean
differences in plasma vitamin C concentrations between groups.
Exploratory outcomes assessed the demographic, clinical, and
laboratory covariates associated with vitamin C renal leak and
plasma vitamin C concentrations.

Sample collection and vitamin C assay.

Urine and plasma vitamin C were analyzed by HPLC with
coulometric electrochemical detection as described (18, 19, 34,
36). Other blood and urine chemistry measurements were per-
formed, using standard laboratory methods, by the Department
of Laboratory Medicine CLIA ID number 21D0665373, CRC,
NIH.

Methodologic approaches used to reduce bias.

Exclusion criteria. Conditions associated with vitamin C dys-
regulation such as smoking and history of chronic diseases (other
than diabetes and diabetes-related conditions) were excluded to
avoid confounding study findings.

Physiologic variations in vitamin C. Sex-specific criteria for
renal leak were used to determine vitamin C renal leak status.
In addition, use of 2 SD below mean sex-specific renal threshold
was incorporated to control for potential confounding based on
potential differences in normal physiologic parameters (such as
age) (32).

Dietary considerations. Chronic insufficient dietary intake of
vitamin C: Participants on a chronic vitamin C–deficient diet
may have low plasma vitamin C concentrations. However, these
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participants are only considered “leakers” if they also have
abnormal urinary excretion of vitamin C, for such low plasma
vitamin C concentrations (defined as below the MET). Thus,
the sex-specific renal leak criterion avoids the confounding issue
of chronic insufficient dietary intake and obviates the need to
document intake or its absence.

Postprandial variabilities in vitamin C concentrations: Vita-
min C ingestion transiently increases plasma vitamin C con-
centrations (17–19). This transient postprandial increase will be
inconsistent across participants and variable based on the vitamin
C content and time of ingestion prior to sampling. We used fasting
plasma vitamin C values (no food after midnight the night before)
to 1) ensure measured plasma vitamin C accurately reflects
participants’ true baseline vitamin C concentration and not the
transient postprandial value, 2) avoid erroneous assessment of
renal leak status based on transient postprandial changes in
plasma vitamin C concentrations, and 3) ensure consistency in
how other clinical laboratory covariates are obtained (such as
fasting glucose and fasting lipid panel).

Use of vitamin C supplements: Participants were requested to
refrain from intake of supplements containing vitamin C 2 wk
prior to study to 1) avoid the transient elevations in plasma
vitamin C concentrations caused by supplements that are not
reflective of their baseline vitamin C status (17–19) and 2)
avoid a potential confounding effect associated with variability
in ingestion/absorption of supplements, especially in participants
with diabetes.

Errors from urine and plasma sample collection. To assess
for vitamin C renal leak, matched fasting plasma vitamin
C measurements and corresponding urine measurements are
needed. The fasting vitamin C plasma measurement is used
to ensure accurate assessment of baseline vitamin C status.
Emptying the bladder and waiting for a fixed period (i.e.,
1 h) also avoids erroneous measurement of vitamin C that is
confounded by dietary intake from as much as 8–12 h prior (17–
19). Waiting 1 h allows for fresh urinary vitamin C measurements
that correspond with fasting vitamin C (and all other clinical
chemistry measurements such fasting glucose).

Inaccuracies from survey and vitamin C assay. We avoided use
of dietary surveys/registries given the strength of the HPLC assay
coupled with our study methodology specifically designed to
account for not just dietary intake alone (as in surveys) but also
urinary vitamin C loss. Dietary intake surveys were also not used
to avoid potential errors due to inaccurate reporting of dietary
intake (37) resulting in mismatch between reported intake and
measured plasma concentrations.

Sample size.

At the time of the initial study design, there were no actual,
extant data upon which to base a sample size calculation.
Sample size calculations were based on scant anecdotal evidence
indicating substantial differences in 24-h urinary vitamin C
excretion between nondiabetic controls and the diabetes cohort.
It was therefore assumed that the magnitude of differences would
be between Cohen’s d values constituting so-called medium and
large differences, corresponding to an effect size (in standard
error units for a given statistical measure) between 0.5 and

0.8; the midpoint value of 0.65 was chosen. Using a roughly
a 2:1 recruitment goal and standard 2-sample t test, at a
2-sided significance level of 0.05, we projected that 30 individ-
uals without diabetes (nondiabetic controls) and 60 participants
with diabetes would yield a statistical power of ∼80% or
81% (38). It was determined that the estimated sample size
necessary to determine whether participants with diabetes lose
more vitamin C in the urine than normal controls would be
approximately 150.

Statistical analyses plan.

In the vitamin C depletion–repletion study, the Welch t test
was used to assess differences in the estimated vitamin C renal
threshold for men compared with women. In the cross-sectional
cohort study, descriptive statistics were calculated for baseline
characteristics of study participants. Counts and proportions were
used for categorical variables, accompanied by the Pearson χ2

test or Fisher exact tests as indicated, while means and standard
deviations were used for continuous variables, accompanied by
the Welch t test or Wilcoxon–Mann–Whitney tests as indicated.
The primary outcome of vitamin C renal leak prevalence in
the diabetes cohort compared with control was assessed using
group-specific proportions accompanied by an exact binomial
confidence interval designed to match a “central” Fisher exact
test. This set of estimates is accompanied by an inherently
symmetric association measure deemed most informative to
follow-on research (studies that may follow individuals at risk
for diabetes over time for the development of renal leak) (39): a
comparative odds ratio, corresponding 95% CIs, and Fisher exact
test P values.

To further explore that the primary study readout—the
marginal association of diabetes with renal leak—was not subject
to bias due to group differences in baseline covariates, collapsible
association measures were employed in place of “adjusting”
odds ratios (39): log-binomial regression models (40, 41) and
resulting risk ratio estimates (42, 43) were used to assess the
persistence of the diabetes–leak association, based on whether
95% CI estimates for the adjusted risk ratio still covered a
range of clinically impactful values above 1 (while excluding
this null value). For the change-in-effect analyses, we selected
nonglycemic baseline variables (Table 1) that were significantly
different between the 2 groups [age, BMI, and protein/creatinine
ratio (PCR)].

To compare group differences (estimated shifts) in mean
plasma vitamin C, linear regression analyses with and without
adjustments for sex were performed, given the observed sex
differences in renal threshold estimates from depletion–repletion
studies. We also report diabetes status group-specific mean
concentrations of plasma vitamin C and estimated shift in mean
concentrations (difference between groups) accompanied by their
corresponding (large-sample normal approximation-based) 95%
CIs and P values. To assess multiple variables for association with
renal leak measures, logistic regression models were employed,
yielding estimates of unadjusted (marginal) odds ratios. Given
the exploratory intent of these analyses, multiplicity adjustments
were not reported. All analyses were conducted using R version
3.6 or higher (The R Project for Statistical Computing).
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TABLE 1 Baseline characteristics of participants in the depletion–repletion study and in the cross-sectional study of renal leak in diabetes1

Cross-sectional cohort studies of vitamin C renal leak
Vitamin C

depletion/repletion study
(n = 17)Characteristic

Nondiabetic control
(n = 80)

Diabetes cohort
(n = 82)

Demographics
Race

White/Caucasian 35 (43.8) 34 (41.5) 14 (82.4)
Black/African American 36 (45) 36 (43.9) 2 (11.8)
Other2 9 (11.2) 12 (14.6) 1 (5.9)

Sex
Male 30 (37.5) 40 (48.8) 7 (41.2)
Female 50 (62.5) 42 (51.2) 10 (58.8)

Age, mean ± SD, y 33.5 ± 12.6∗ 49.2 ± 12.1∗ 22 ± 2
BMI, mean ± SD, kg/m2 27.5 ± 5.7∗ 32.5 ± 6.7∗ 26 ± 11.5

Clinical and laboratory variables
Renal function

PCR, mean ± SD, mg/mg 0.097 ± 0.091∗ 0.267 ± 0.557∗ NA
eGFR,3 mean ± SD, mL/min/1.73 m2 112.8 ± 21.1 101.6 ± 26.2 94 ± 21.2

Glycemic control
Fasting plasma glucose, mean ± SD, mg/dL 88.3 ± 8.8∗ 147.0 ± 53.3∗ 88 ± 4.6
Hemoglobin A1c, mean (SD), % 5.37 (0.4)∗ 7.9 (1.4)∗ NA

Diabetes history
Diabetes type

Type 1 21 (25)
Type 2 61 (75)

Duration of diagnosis, mean ± SD, y 11.5 ± 11.3
Micro- or macrovascular disease 20 (23.8)

Medication4

Antihypertensives 45 (53.6)
Diuretics5 15 (17.9)
ACE/ARB 41 (48.8)

1Values are presented as number (%) unless otherwise indicated. Asterisks indicate that variables are statistically different (P < 0.05, nondiabetic control
compared with diabetes cohort, Welch t test). ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; eGFR, estimated
glomerular filtration rate; NA, data non available; PCR, protein/creatinine ratio.

2The subgroup “Other” is composed of Asian, Hispanic, and Latino and multiracial participants. Racial categories were based on NIH reporting
guidelines on racial and ethnic categories (NOT-OD-15-089).

3eGFR for all groups was calculated using the Modification of Diet in Renal Disease v4 equation: [186 × (Creatinine / 88.4) – 1.154 × (Age) – 0.203 ×
(0.742 if female) × (1.210 if black)].

4One participant was taking an SGLT2 inhibitor.
5Includes loop diuretics, thiazides, and aldosterone antagonists.

Results

Determination of vitamin C renal threshold in healthy
women and men: data from depletion–repletion studies

Our first objective was to determine a normal vitamin C renal
threshold: that plasma concentration above which vitamin C
would be expected to be excreted in urine. Data from 17 healthy
volunteers (7 men and 10 women) were included in the final
analyses (Figure 1A). Baseline characteristics of participants are
shown in Table 1. Measurements of urinary vitamin C excretion
as a function of matched plasma vitamin C concentrations are
displayed for 7 men (Figure 2A) and 10 women (Figure 2B).
Visual inspection of the data indicated a threshold plasma vitamin
C concentration, above which vitamin C was detected in urine.
We calculated the renal threshold for men and women using
2 analytical models: a PBPK model and a PCF model (see
Methods and Supplemental Methods). Using the PBPK approach,
the estimated vitamin C renal threshold was [mean (SD)] 48.5
(5.2) μM for healthy men and 58.3 (7.5) μM for healthy women
(Figure 2C, Supplemental Figure 1A). The PCF approach
revealed similar renal threshold values of 48.3 μM in healthy men

and 60.4 μM in healthy women (Supplemental Figure 1). The
renal threshold estimates in men and women were significantly
different (P = 0.006, Figure 2C).

Next, we determined the MET, the plasma vitamin C
concentration below which urinary vitamin C excretion would
be abnormal. MET was defined as 2 SD below the renal
threshold for each sex (see Methods). Using the PBPK model,
the MET was 38.1 μM for healthy men and 43.2 μM for healthy
women (Figure 2D). Taken together, when plasma vitamin C
concentrations are less than the MET values of 38.1 μM in men
or 43.2 μM in women, urinary vitamin C excretion would be
abnormal and is termed a vitamin C renal leak (Figure 2D).

Vitamin C renal leak in individuals with diabetes compared
with nondiabetic controls

Of the 177 individuals who were assessed for eligibility,
15 participants were excluded due to ineligibility. In total,
162 participants completed the protocol study, 80 participants
in the diabetes cohort and 82 participants in the nondiabetic
control group. All volunteers who participated in protocol studies
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FIGURE 1 Enrollment and patient flow for vitamin C depletion–repletion study and cross-sectional cohort study of individuals with diabetes and
nondiabetic controls.

were included in final analyses. The demographic, clinical,
and laboratory characteristics of individuals in the cohort with
diabetes and the nondiabetic control group are shown in Table 1.
Both groups had a similar racial makeup. Compared with the
nondiabetic controls, the diabetes cohort had a comparatively
lower proportion of women (51% compared with 63%), an older
mean age (49 y compared with 34 y), and a higher BMI (in kg/m2;
32.5 compared with 27.5) (Table 1). For the baseline clinical
variables, the mean estimated glomerular filtration rate (eGFR)
was not significantly different in both groups. However, the
diabetes cohort had a higher mean PCR, fasting plasma glucose,
and hemoglobin A1c.

Renal leak prevalence between groups

Vitamin C renal leak status for all participants in each group
was determined using vitamin C measurements in matched
fasting plasma and timed urine samples (Figure 3A, B). The
mean plasma vitamin C concentration in the diabetes cohort
was significantly lower than the nondiabetic control group with
and without adjustment for sex (40.9 μM compared with 53.1
μM, P < 0.001) (Figure 3C, Supplemental Figure 2A,B).
The prevalence of vitamin C renal leak in the diabetes cohort
was significantly higher compared with the nondiabetic control
group (33% compared with 9%; OR: 5.07; 95% CI: 1.97, 14.83;
P < 0.001) (Figure 3D, Supplemental Figure 2C). Change-
of-effect analyses adjusting for group differences in baseline
variables did not change the association between diabetes and
renal leak (Supplemental Figure 2D).

Clinical variables associated with vitamin C renal leak in all
participants

Among demographic parameters assessed, age, sex, and race
were not associated with renal leak (Figure 3E, Supplemental
Figure 3). Among the clinical parameters evaluated, BMI, fasting
glucose, hemoglobin A1c, and history of micro/macrovascular
complications were associated with renal leak. Diabetes type
(type 1 compared with type 2), duration, eGFR, use of diuretics,
and angiotensin-converting enzyme inhibitors/angiotensin recep-
tor blockers were not associated with renal leak (Figure 3E,
Supplemental Figure 3).

Discussion
As a prerequisite to understanding vitamin C renal dysreg-

ulation in diabetes, we defined normal physiologic parameters
associated with renal regulation of vitamin C in healthy men and
women using data from depletion–repletion and pharmacokinet-
ics studies coupled with a highly sensitive and specific assay. We
provided precise sex-specific estimates of normal vitamin C renal
thresholds: the plasma vitamin C concentration in which vitamin
C first appears in urine. Renal threshold, in turn, was required
to determine the MET, the plasma vitamin C concentrations
below which urinary vitamin C excretion would be abnormal in
healthy individuals. We integrated these physiologic parameters
into simplified criteria for determining when urinary vitamin
C excretion would be abnormal at a given plasma vitamin
C concentration: a renal leak. There was significantly higher
prevalence of vitamin C renal leak in the cohort with diabetes
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FIGURE 2 Vitamin C depletion–repletion study in healthy participants. (A, B) Urinary vitamin C excretion as a function of matched plasma vitamin C
concentrations in healthy men (A) and women (B). Pharmacokinetic (PK) studies were performed as 1 component of dose–concentration studies (18, 19, 30)
by administering intravenous or oral doses (15–1250 mg) of vitamin C on successive days at steady state. Blood samples were obtained at fixed intervals (18,
19). All urine voided during the test period was collected, and each urine void formed a timed collection. The total amount of vitamin C in each urine sample
(mg) is indicated on the y-axis. Each symbol shape coupled to a specific color represents a different participant. Data are shown from 10–14 PK studies (5–7
oral doses; 5–7 intravenous doses) for each participant. Participants were 7 men and 10 women. (C) Estimated vitamin C renal threshold values in healthy men
(open bar) and women (filled bar) using physiology-based pharmacokinetic modeling [PBPK, mean (SD)]. (D) Vitamin C renal leak criteria for men (open bar)
and women (filled bar). Minimal elimination threshold (MET) was defined as 2 SD below mean renal threshold using PBPK modeling (see Methods section).
Vitamin C renal leak was defined as abnormal urinary vitamin C excretion (>0.01 mg/total urine volume, limit of detection) occurring when plasma vitamin
C concentrations are below MET values of 38.1 μM for men and 43.2 μM for women.

(33%) compared with nondiabetic controls (9%). The diabetes–
renal leak association persisted following statistical adjustments
for between-group differences in nonglycemic variables (Table 1,
Supplemental Figure 2D). Mean fasting plasma vitamin C
concentrations were also significantly lower in the diabetes
cohort (40.9 μM) compared with nondiabetic controls (53.1 μM).
Fasting glucose, hemoglobin A1c, BMI, micro/macrovascular
diabetic complications, and PCR were associated with a renal
leak. Although glucosuria was not directly measured, we
can infer the presence of glucosuria when plasma glucose
concentrations exceed the renal threshold of ∼180 mg/dL (44).

Renal leak occurred at plasma glucose concentrations below
as well as above the 180-mg/mL threshold concentrations,
indicating that there is no discernable relation between renal
leak and glucosuria (Supplemental Figure 4). Taken together,
these findings support the hypothesis that increased prevalence of
renal leak is associated with low plasma vitamin C concentrations
observed in individuals with diabetes (3, 9, 45). Vitamin C renal
leak has 2 interdependent components. First, vitamin C renal leak
describes the presence of low plasma vitamin C concentrations
below the MET values of 38.1μM in men and 43.2μM in women.
Second, renal leak describes the incongruous excretion of vitamin
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FIGURE 3 Cross-sectional cohort study of vitamin C renal leak in a cohort of individuals with diabetes and nondiabetic controls. (A, B) Urinary vitamin C
excretion as a function of plasma vitamin C concentrations in the diabetes cohort (n = 82, A) and nondiabetic control group (n = 80, B). In all panels, each circle
represents each participant with a renal leak (yellow) or without a renal leak (blue), assessed using matched urine and plasma vitamin C measurements. (C)
Plasma vitamin C concentrations in the diabetes cohort compared with the nondiabetic control group. Square indicates estimated shift in mean plasma vitamin C
with horizontal points indicating 95% CI. P values are shown for estimated shift, unadjusted and adjusted for sex, n = 162. (D) Vitamin C renal leak prevalence
in the diabetes cohort compared with nondiabetic controls. Square indicates odds ratio with horizontal line indicating 95% CI, n = 162. (E) Demographics
and clinical variables associated with vitamin C renal leak. All participants were included in the analysis. Squares indicate odds ratio with horizontal points
indicating 95% CI, n = 162. Diuretic use includes loop diuretics, thiazides, and aldosterone antagonists. ACE, angiotensin-converting enzyme inhibitor; ARB,
angiotensin receptor blocker; eGFR, estimated glomerular filtration; PCR, protein/creatinine ratio.
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C for such low plasma vitamin C concentrations. Together, low
plasma vitamin C concentrations below the MET combined with
abnormal urinary excretion of the vitamin indicate dysregulated
vitamin C renal physiology in diabetes (1, 25).

An additional benefit of using renal leak to characterize urinary
vitamin C loss in those with diabetes is that renal leak accounts
for normal differences in plasma vitamin C concentrations based
on physiologic variables such as sex and age. This is supported by
our study findings that showed sex and age were not associated
with renal leak (Figure 3E, Supplemental Figure 3). There are two
reasons for this observation: 1) renal leak criteria are sex specific,
based on MET values derived from depletion–repletion studies in
women and men (17, 19), and 2) MET is defined as 2 SD below
mean renal threshold values, sufficiently differentiating normal
from abnormal, such that renal leak outcomes are not influenced
by differences in age.

In diabetes, it is likely that there is a complex relation between
vitamin C renal leak, low plasma vitamin C concentrations, and
microvascular complications such as diabetic nephropathy. This
complex relation may be further modulated by glycemic control,
insulin resistance, and metabolic syndrome. Our study showed
that elevated fasting glucose, hemoglobin A1c, PCR, BMI, and
history of micro/macrovascular complications were all predictive
of a renal leak. Chronic hyperglycemia, insulin resistance, and
obesity are associated with increased oxidative stress (4, 46–
50). Increased oxidative stress contributes to microvascular
complications such as diabetic nephropathy (4). For a disease
characterized by increased oxidative stress, the presence of a
vitamin C renal leak could exacerbate the already diminished
antioxidant capacity with implications for disease pathogenesis
(51). This disease-induced increase in nutritional requirement
represents a form of relative nutritional deficiency. Recent studies
have demonstrated improved albuminuria (52, 53), and glycemic
parameters (10–13) following oral vitamin C supplementation.
However, larger studies that account for renal leak status might
identify individuals or cohorts who could benefit from early and
regular vitamin C supplementation.

Several molecular mechanisms may underlie the significant
association we observed between ascorbate renal leak and mi-
cro/macrovascular disease (Figure 3E). Renal leak in diabetes in-
dicates dysfunctional ascorbate tubular reabsorption. One broad
potential mechanism is that diabetes, perhaps via oxidative injury
(54), constrains the vitamin C transporters (23) and/or the cells
that express these transporters. Another potential mechanism is
that diabetes induces local hypoxia in renal tubules, in an intraor-
gan location especially sensitive to hypoxia (55). Local hypoxia
could be driven by impaired red blood cell deformability from
diabetes itself (56), compounded by low red blood cell ascorbate
concentrations that can alter red blood cell physiology (57, 58).
Renal leak may be an early manifestation of oxidative injury
and/or microvascular hypoxia and may be a harbinger of down-
stream micro/macrovascular disease, analogous to proteinuria
(59, 60).

Given the cross-sectional study design, the renal leak mea-
surements that we describe here are single snapshots in time.
Currently, we do not know how changes in disease status would
modulate the onset or progression of vitamin C renal leak
and whether the dynamics vary in different patient populations.
Longitudinal studies will be necessary to evaluate the diagnostic
value and temporal relation between vitamin C renal leak status

and features of diabetic nephropathy such as proteinuria or
reduced glomerular filtration rate. Similarly, longitudinal studies
are needed to unravel mechanisms of renal leak in relation to
metabolic syndrome often associated with diabetes, including
obesity and hypertension.

Imperatives to obtaining precise renal threshold estimates
were use of a study design that incorporated a broad range
of plasma vitamin C concentrations for each male and female
participant, coupled with a highly sensitive and specific assay
measurements. Previous characterizations of vitamin C renal
threshold in humans have been limited by insensitive, nonspe-
cific, or poorly described vitamin C measurement techniques
further compromised by artifact in human plasma samples,
as well as absence of a broad range of vitamin C plasma
concentrations in each individual studied (24–29, 61). By
addressing these limitations, our study provides a pathway for
more translational application of vitamin C renal physiology to
disease conditions such as diabetes, in which antioxidants actions
may play a role.

Although depletion–repletion design remains the most physi-
ologic way of dynamically estimating the normal renal threshold
values of a micronutrient, the complexity and inpatient time
commitment necessitated inclusion of a restricted (younger) age
bracket. This potentially limits generalizability of renal threshold
estimates to older individuals. However, this limitation is not
applicable to renal leak outcomes given as the renal leak criteria
accounted for potential physiologic variations in vitamin C
physiology by use of 2 SD below the mean renal threshold to
determine the MET (32). Thus, individuals who met the criteria
for renal leak were much more likely to have dysregulated
vitamin C physiology regardless of age or sex. This is evidenced
by our findings that show age and sex were not predictive of renal
leak (Figure 3E).

Renal leak can be tested by a block–time urine collection
coupled to a plasma sample, as described for many measurements
here. Block–time measures, over 30 or 60 min, for example,
are convenient and feasible in outpatient settings, especially
when an overnight fast precedes measurement to avoid biased
estimates from vitamin C ingestion within the prior 8–12
h. Urine collections for 24 h may be less preferable for
several reasons, not just inconvenience. Because they are
usually performed at home, there is potential for incomplete
collection due to error or inadvertent oxidation due to improper
urine handling. There may be confounding data in participants
who have plasma concentrations slightly below the threshold
but who consume vitamin C–enriched juices or foods during
the 24 h of sample collection. Multiple plasma measure-
ments could be helpful but are not feasible in an outpatient
setting.

Renal leak status also has novel importance for vitamin C
dietary recommendations and guidelines. Currently, there are no
guidelines for increased intake in chronic diseases. If renal leak
occurs, increasing daily vitamin C intake could increase plasma
values to those found in healthy people who ingest the RDA of
vitamin C (18, 19, 32). Based on evidence provided here, it is
possible that vitamin C renal leak may lead to vitamin C losses
that should be replaced by higher recommended intake in people
with diabetes. Studies to explore these possibilities are feasible
and have clear implications for prevention of complications of
diabetes.
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