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Abstract

Aim: SGLT2 inhibitors provide multiple benefits to patients with type 2 diabetes – including 

improved glycemic control and decreased risks of cardiorenal disease. Because drug responses 

vary among individuals, we initiated investigations to identify genetic variants associated with the 

magnitude of drug responses.

Methods: Canagliflozin (300 mg) was administered to 30 healthy volunteers. Several endpoints 

were measured to assess clinically relevant responses – including drug-induced increases in 

urinary excretion of glucose, sodium, and uric acid.

Results: This pilot study confirmed that canagliflozin (300 mg) triggered acute changes in mean 

levels of several biomarkers: fasting plasma glucose (−4.1 mg/dL; p=6x10−5), serum creatinine 

(+0.05 mg/dL; p=8x10−4), and serum uric acid (−0.90 mg/dL; p=5x10−10). The effects of sex 

on glucosuria depended upon how data were normalized. Whereas males’ responses were ~60% 

greater when data were normalized to body surface area, males and females exhibited similar 

responses when glucosuria was expressed as grams of urinary glucose per gram-creatinine. The 

magnitude of glucosuria was not significantly correlated with fasting plasma glucose, estimated 

GFR, or age in these healthy non-diabetic individuals with estimated GFR>60 mL/min/1.73m2.

Conclusions: Normalizing data relative to creatinine excretion will facilitate including data 

from males and females in a single analysis. Furthermore, because our ongoing pharmacogenomic 
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study (NCT02891954) is conducted in healthy individuals, this will facilitate detection of genetic 

associations with limited confounding by other factors such as HbA1c and renal function.

Registration: NCT02462421 (clinicaltrials.gov)

Funding: Research grants from the National Institute of Diabetes and Digestive and Kidney 

Diseases: R21DK105401, R01DK108942, T32DK098107, and P30DK072488.

Keywords

canagliflozin; diabetes; kidney; pharmacogenomics; precision medicine; sex as a biological 
variable; sodium-glucose cotransporter-2; type 2 diabetes; uric acid

1 ∣ INTRODUCTION

Although head-to-head comparative effectiveness studies demonstrate that diabetes drugs are 

not strongly differentiated with respect to mean HbA1c-lowering 1, there is wide variation 

in individual responses to the same therapy. A recent head-to-head study reported HbA1c-

lowering efficacies (mean ± SEM) of 0.89% ± 0.24% for canagliflozin and 1.44% ± 0.39% 

for liraglutide 2. This corresponds to standard deviations of ~0.9% and ~1.5%, respectively. 

While some patients experienced little if any decrease in HbA1c, others experienced >2.5% 

HbA1c-lowering. This inter-individual variation results from a combination of genetic 

and environmental factors. Pharmacogenetics has potential to provide insights enabling 

physicians to prescribe therapies for individual patients based on predictors of individual 

responses and risks of adverse effects 1.

Pharmacogenomics has identified genetic variants contributing to inter-individual variation 

in responses to diabetes drugs 3-7. Some genetic variants alter pharmacokinetics by altering 

function of drug transporters or drug metabolizing enzymes 3,8. Other genetic variants alter 

functions of proteins that mediate drug responses, thereby altering pharmacodynamics 4,6,9. 

This pilot study represents one step toward identifying genetic variants contributing to inter-

individual variation in responses to SGLT2 inhibitors – an increasingly important class of 

diabetes drugs 10,11. Glucuronidation is the principal pathway whereby SGLT2 inhibitors are 

metabolized. Loss-of-function variants in glucuronidation enzymes alter pharmacokinetics 

of SGLT2 inhibitors by increasing drug exposure 8, but these variants are unlikely to cause 

major alterations in drug responses in routine clinical use because SGLT2 inhibitors are 

usually administered at maximally effective doses. Increasing drug exposure may not alter 

responses to drugs that are administered at maximally effective doses.

Several approaches have been applied in pharmacogenomic research – including acute 

studies in healthy volunteers assessing pharmacodynamic endpoints 3,12 or chronic studies 

in disease patients assessing clinical endpoints such as HbA1c or cardiovascular outcomes 
9,12. Short-term studies in healthy volunteers offer methodological advantages – including 

minimization of confounding factors due to co-existing diseases and effects of changing 

co-medications during the study. This pilot study provided an opportunity to validate 

pharmacodynamic endpoints for our ongoing GWAS of pharmacodynamic responses to 

canagliflozin (NCT02891954). Specifically, we have selected drug-induced glucosuria as the 

primary end-point because this provides the mechanism mediating two important clinical 
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benefits of SGLT2 inhibitors: HbA1c-lowering and weight loss. Our approach was inspired 

by high priority NIH initiatives: (a) scientific rigor and reproducibility 13; (b) investigation 

of sex as a biological variable 14; and (c) precision medicine 15.

Research participants collected two separate 24-hour urine collections. We confirmed the 

reproducibility of urine collections as indicated by absence of a statistically significant 

difference in creatinine content between the two separate urine collections – a critical 

prerequisite for our twin objectives of minimizing the impact of random variation and 

maximizing the impact of genetic variation. This pilot study also investigated the impact 

of participants’ self-designated sex on pharmacodynamic responses. Mean canagliflozin-

induced glucosuria was substantially greater in males than females when expressed as 

grams of glucose per 1.73 m2 of body surface area or per kg of body weight. In contrast, 

mean magnitudes of canagliflozin-induced glucosuria were similar in males and females 

when expressed as grams of glucose per gram of creatinine. Accordingly, our ongoing 

pharmacogenomic study will normalize drug-induced glucosuria data relative to urinary 

creatinine excretion so that the magnitude of canagliflozin-induced glucosuria would be 

relatively independent of sex (“sex-agnostic”).

2 ∣ METHODS

2. 1 ∣ Study population

The Old Order Amish population of Lancaster County, PA immigrated to the Colonies 

from Central Europe in the early 1700’s. There are currently ~40,000 Old Order Amish 

individuals in Lancaster County, PA – nearly all of whom trace their ancestry back ~15 

generations to ~750 founders 16-18. Investigators at the University of Maryland Baltimore 

have investigated genetic determinants of cardiometabolic health in this population since 

1993. These studies generated a genotype database used to compile a list of individuals 

to be invited to participate in this clinical trial. Individuals with any of four homozygous 

genotypes were eligible to participate: (a) nonsense mutation in SLC5A4 (rs62239058); (b) 

nonsense mutation in SLC5A9 (rs850763); (c) missense variant in SLC2A9 (rs1689079); 

and (d) “wild type” major alleles of SLC5A4, SLC5A9, and SLC2A9.

2.2 ∣ Conduct of clinical trial (NCT02462421).

This clinical trial was reviewed and approved by the University of Maryland Baltimore’s 

Institutional Review Board. A research nurse accompanied by a member of the Amish 

community made home visits to invite selected individuals to participate in the study. 

Potential participants were invited to provide informed consent after nurses explained the 

study in detail. Additional methodological details are summarized in the Supplementary 

Appendix.

2.3 ∣ Statistical analyses

Student’s t-tests as implemented in Microsoft Excel and GraphPad Prism software were used 

to assess treatment effects (paired t-test) and differences between groups (unpaired t-tests). 

Nominal p-values are presented without correcting for multiple comparisons. A nominal 

p-value of <0.05 was taken as the threshold for statistical significance.

Taylor et al. Page 3

Diabetes Obes Metab. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT02462421


3 ∣ RESULTS

3. 1 ∣ Disposition and baseline characteristics of participants

This clinical trial assessed pharmacodynamic responses of thirty healthy Old Order Amish 

participants to a single dose of canagliflozin (300 mg). Disposition of the participants is 

summarized in Fig. S1. The study population (17 females/13 males) had a mean age of 57.8 

± 2.5 years and a mean BMI of 28.0 ± 0.9 kg/m2 (Table S1). Baseline laboratory data are 

summarized in Table S1.

3.2 ∣ Responses to canagliflozin: ↓ fasting plasma glucose, ↓ serum uric acid, and ↑ 
serum creatinine

Canagliflozin inhibits SGLT2, thereby decreasing proximal tubular reabsorption of glucose 

and sodium 10. Drug-induced glucosuria triggered a ~4.5% decrease in mean fasting 

plasma glucose levels (p=0.00006; Fig. 1A). The decrease in proximal tubular sodium 

reabsorption induced natriuresis (Table 1, Fig. S2), which triggered a modest volume 

contraction as reflected by an ~8% increase in serum creatinine (p=0.0008; Fig. 1B). 

Canagliflozin also increased urinary excretion of uric acid, leading to a ~21% decrease 

in mean serum uric acid levels (p=5 x 10−10; Fig. 1C) 10,19-21. Thus, administration of a 

single dose of canagliflozin exerted the expected pharmacodynamic effects on circulating 

biomarkers in healthy volunteers – thereby serving as positive controls for our clinical trials 

(NCT02462421 and NCT02891954).

Our primary efficacy endpoint is based on measurements of biomarkers in 24-hour urine 

collections. We, therefore, investigated the reproducibility of 24-hour urine collections. 

On average, participants excreted 1286 ± 81 mg of creatinine during the 24 hours before 

canagliflozin as compared to 1252 ± 74 mg of creatinine during the 24 hours after 

canagliflozin administration (Fig. S3A). The quantities of 24-hour urinary creatinine before 

and after canagliflozin administration were highly correlated with one another (r=0.95; 

p=10−15). When we compared creatinine contents of the two specimens collected by 

each individual participant, differences were <5% for ~75% of paired urine collections 

(Fig. S3B). These data demonstrate that most participants successfully obtained complete 

collections of urine produced during a 24-hour time period.

3. 3 ∣ A sex-agnostic approach to normalizing urinary biomarker data.

Urinary excretion of glucose provides a quantitative biomarker for efficacy of canagliflozin 
22-27. Furthermore, enhanced urinary glucose excretion plays a critical role in mediating two 

important benefits provided by SGLT2 inhibitors: improved glycemic control in diabetic 

patients and weight loss in overweight/obese patients 10. To enable pharmacogenomic 

investigation, it is critical to optimize the approach to normalize data in order to compare 

glucosuric responses among participants. We considered two standard approaches: (a) 

normalizing urinary glucose excretion relative to body size (i.e., body weight or body 

surface area); or (b) normalizing glucosuria relative to 24-hour urinary creatinine excretion. 

Body weight was tightly correlated with body surface area (r=0.99) in both males and 

females (Fig. S4A), suggesting that these two parameters provide comparable indices for 

body size. Although 24-hour urinary creatinine was correlated with body surface area 
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(r=0.68 for males and r=0.65 for females), males on average excreted ~60% more creatinine 

than females (Fig. S4B) when compared at the same body surface area.

Glucosuria was correlated with urinary creatinine excretion in both males (r=0.65; Fig. 2A) 

and females (r=0.86; Figs. 2C). Glucosuria was also correlated with body surface area (Figs. 

2B and 2D) or body weight (Fig. S5) – albeit with smaller correlation coefficients (0.29-0.33 

in males and 0.54-0.55 in females). The closer correlations with urinary creatinine excretion 

favors the approach of normalizing glucosuria relative to urinary creatinine excretion. 

Furthermore, this approach yielded similar mean values for glucosuria in both sexes: 35.4 

± 2.0 in males versus 39.4 ± 1.4 g-glucose per g-creatinine in females (p=0.12; Fig. 3B). 

In contrast, mean values for glucosuria were 37-39% larger in males than females when 

expressed as a function of body surface area (Fig. 3A) or body weight (Fig. 3C). Thus, 

because mean values of glucosuria are similar in both sexes when expressed on a per 

g-creatinine basis, this will greatly facilitate including data from both sexes in the same 

analysis.

3.4 ∣ Inter-individual variation in canagliflozin-induced glucosuria.

We observed substantial inter-individual variation in the magnitude of canagliflozin-induced 

increases in urinary glucose excretion. The magnitude of glucosuria varied over an 

approximately twofold range: from ~25 to ~50 g-glucose/g-creatinine (Fig. S6). Two critical 

factors contribute to determining the quantity of glucose filtered at the glomerulus (the 

“filtered glucose load”): (a) plasma glucose levels and (b) glomerular filtration rates. 

Thus, we investigated correlations of glucosuria with fasting plasma glucose levels (FPG), 

creatinine clearance rates, and age (Fig. S7). This clinical trial focused on healthy volunteers 

– excluding patients with HbA1c ≥ 6.5% or eGFR < 60 mL/min/1.73 m2. In this population, 

we did not observe statistically significant correlations of 24-hour urinary excretion of 

glucose with fasting plasma glucose, measured creatinine clearance rates, or age (Fig. S7). 

In addition to being statistically insignificant, the correlation coefficients were quite small; 

variances in fasting plasma glucose, creatinine clearance, and age accounted for only ~1.4%, 

0.5%, and 4.8% of the total variance in canagliflozin-induced glucosuria, respectively. 

Measured creatinine clearance was closely correlated with eGFR in both males and females 

(Fig. S8). However, we focused on the measured creatinine clearance because it is likely to 

be a more valid index of each individual’s glomerular filtration rate.

3.5 ∣ Canagliflozin-induced natriuresis

Because SGLT2 functions as a co-transporter for glucose plus Na+, canagliflozin inhibits 

proximal tubular reabsorption of both glucose and Na+ 10. Drug-induced natriuresis was 

calculated by subtracting 24-hour urinary Na+ excretion observed at baseline from 24-hour 

urinary Na+ excretion observed in the 24 hours after administration of canagliflozin. 

Canagliflozin increased mean urinary Na+ excretion by ~25% in the total population (N=30; 

p=0.007) (Table 1). Research participants were free to eat ad libitum and to engage in their 

usual daily activities. As no effort was made to control sodium intake, there may have 

been substantial day-to-day variation in the sodium content of participants’ diets and/or the 

quantity of sodium lost through sweating. Such day-to-day variations represent probable 

sources of unmeasured confounders with respect to estimates of drug-induced natriuresis. 
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Notwithstanding these caveats, estimates of drug-induced natriuresis appeared to be larger 

for females than males – regardless of whether the magnitude of 24-hour Na+ urinary 

excretion was normalized relative to urinary creatinine excretion, body surface area, or body 

weight (Table 2). Although inhibition of SGLT2 directly blocks reabsorption of one ion of 

sodium per molecule of glucose, canagliflozin indirectly triggers homeostatic mechanisms 

that have substantial impact on the total quantity of sodium actually excreted in the urine 

– e.g., activation of the renin-angiotensin-aldosterone axis and decreased secretion of atrial 

natriuretic peptides 10. It is possible that an individual’s sex might impact the magnitude of 

homeostatic regulation.

3.6 ∣ Canagliflozin-induced uricosuria

SGLT2 inhibitors enhance urinary excretion of uric acid and decrease serum levels of uric 

acid 10,19-21. Consistent with these previous publications, we observed that canagliflozin 

induced a 2- to 10-fold increase in fractional excretion of uric acid. The magnitude of 

the increase in fractional excretion of uric acid was correlated with the magnitude of the 

decrease in serum uric acid levels (r=0.48; p=0.006) (Fig. 4A). Although mechanisms 

mediating SGLT2 inhibitor-induced uricosuria have not been established, the effect may be 

an indirect consequence of the increase in glucose concentrations in the renal tubular fluid 
19. Accordingly, we investigated whether the increase in fractional excretion of uric acid was 

correlated with canagliflozin-induced glucosuria. However, we did not detect statistically 

significant correlation between the drug-induced increase in fractional excretion of uric acid 

and canagliflozin-induced glucosuria or natriuresis (Fig. 4BC).

3.7 ∣ Pilot pharmacogenomic investigation of genetic variants in three candidate genes 
(SLC2A9, SLC5A4, and SLC5A9).

This pilot study was originally designed to investigate possible association of three 

candidate genetic variants with pharmacodynamic responses to an SGLT2 inhibitor: 

nonsense variants in SLC5A4 (rs62239058; p.E139X) and SLC5A9 (rs850763; p.E593X) 

and a missense variant in SLC2A9 (rs1689079; p.V253I). SLC5A4 and SLC5A9 encode two 

homologs of SGLT2 (SGLT3 and SGLT4, respectively) 28,29. SLC2A9 encodes GLUT9, a 

transporter reported to exchange glucose for uric acid 30.

Because the clinical trial was terminated early when it became apparent that the clinical 

trial would not meet its recruitment targets within the available time and budget, the 

study was underpowered to detect association of genetic variants with drug responses. In 

any case, none of the three genetic variants was associated with a statistically significant 

difference when compared to the control group. (Table S2). We cannot, however, exclude the 

possibility that these variants might exhibit significant associations in a substantially larger 

study with greater statistical power.

DISCUSSION

Following NIH’s initiative to improve scientific rigor and reproducibility 13, we leveraged 

this pilot study to validate the experimental protocol supporting our ongoing genome-wide 

association study (GWAS) to identify genetic variants associated with pharmacodynamic 
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responses to SGLT2 inhibitors (NCT02891954). Based on quantitative comparisons of 

creatinine content in independent 24-hour urine collections, we confirmed that research 

participants successfully provided highly reproducible 24-hour urine collections. We 

did, nevertheless, observe a statistically insignificant trend toward a decreased mean 

creatinine content (−2.6%) in the second 24-hour urine collection (Fig. S3). Although not 

statistically significant, we suspect that this small difference may be real and reproducible. 

Canagliflozin-induced natriuresis leads to a modest volume contraction as reflected in the 

6.4% increase in serum creatinine levels (Fig. 1B). The modestly decreased creatinine 

excretion during the second urine collection is consistent with the expected transient 

decrease in urinary creatinine excretion characterizing the transition between two steady-

states (before and after administration of canagliflozin). Thus, even the small, statistically 

insignificant difference between the two 24-hour urine collections probably reflects the 

known pharmacological effects of canagliflozin rather than experimental variation.

Furthermore, we confirmed that canagliflozin elicited the expected pharmacodynamic 

responses and obtained information on the magnitude of inter-individual variation, which 

has informed power calculations for our ongoing GWAS. As expected, a single dose 

of canagliflozin triggered statistically significant responses in several parameters: fasting 

plasma glucose, serum uric acid, serum creatinine as well as urinary excretion of sodium, 

glucose, and uric acid (Figs. 1-4; Table 1). These data are reassuring with respect to the 

feasibility of our ongoing GWAS for pharmacodynamic responses to canagliflozin.

In 2016, the NIH established an expectation for NIH-supported research to include 

investigations of sex as a biological variable 14,31-33. While there has been debate about the 

optimal approach to implement this requirement, there is general agreement that sex-related 

variables may emerge as relevant within the context of a specific research program 34. 

Although some traits (e.g., karyotype sex) may be dichotomous for most individuals, there 

are many biological traits (e.g., height) that represent continuous variables with considerable 

overlap between sexes 34. We used participants’ self-reported sex as a proxy for karyotype 

sex. We applied this binary classification as the basis to conduct an exploratory investigation 

of whether an individual’s sex was associated with pharmacodynamic responses to 

canagliflozin. In parallel, we compared three approaches to normalizing our data – i.e., 

expressing drug-induced glucosuria relative to body surface area, body weight, or urinary 

excretion of creatinine. When expressed as grams of glucose per gram of creatinine, mean 

data were very similar in both males and females (Fig. 3B). In contrast, our data revealed 

substantial sex differences in mean quantities of canagliflozin-induced glucosuria when 

expressed relative to body surface area (Fig. 3A) or body weight (Fig. 3C). For example, 

canagliflozin induced an average of 37% more glucosuria in males when expressed on 

the basis of grams of glucose per kg of body weight (Fig. 3C). These data are consistent 

with weight loss data reported by the sponsors of dapagliflozin at the FDA’s Advisory 

Committee meeting on July 19, 2011 35. Specifically, 24 weeks of dapagliflozin therapy 

induced greater placebo-subtracted weight loss in males than in females (2.76 kg versus 

1.22 kg). The FDA’s analysis concluded that the differential effect of sex was statistically 

significant (p=0.048) – albeit there was considerable overlap between males and females 

with respect to the magnitude of weight loss 35. Also, many factors contribute to determining 

the magnitude of weight loss in individual patients – including, for example, the magnitude 
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of SGLT2 inhibitor-induced compensatory increase in food intake 36. Nevertheless, taken 

together, these data with dapagliflozin are consistent with the hypothesis that the larger 

magnitude of SGLT2 inhibitor-induced glucosuria in men (expressed per gram body weight) 

contributes to a larger magnitude of mean drug-induced weight loss.

Creatinine is produced by a non-enzymatic chemical reaction – i.e., the conversion of 

phosphocreatine to creatinine 37. Because phosphocreatine is located primarily in muscle, 

the rate of creatinine production implicitly reflects lean tissue mass. When glucosuria is 

expressed relative to urinary excretion of creatinine, this implicitly indexes glucosuria 

relative to lean body mass. These conclusions are consistent with a previous report 38 

that mean measured glomerular filtration rate (mGFR) was lower in females than males 

when normalized relative to body surface area. This sex-based difference was eliminated 

when mGFR was normalized relative to lean body mass. Inasmuch as the kidney’s filtered 

glucose load is proportional to mGFR, the filtered glucose load would be predicted to be 

independent of sex if compared in people with similar lean body masses and similar levels 

of plasma glucose. Because SGLT2 inhibitors inhibit renal tubular reabsorption of glucose, 

this provides a strong rationale to normalize glucosuria relative to lean body mass, which 

implicitly normalizes relative to filtered glucose load.

We acknowledge that our approach of normalizing glucosuria relative to urinary creatinine 

excretion may not eliminate 100% of possible sex-associated differences. Nevertheless, 

by minimizing the quantitative contribution of sex-associated differences in the primary 

endpoint (glucosuria), this approach enables us to create an inclusive database containing 

data obtained in all participants – regardless of their self-reported sex. Accordingly, 

this case study exemplifies how routine study of sex as a biological variable does not 

necessarily conflict with the aims of precision medicine as suggested by DiMarco et al. 
34. Our experience demonstrates that investigations of sex as a biological variable may 

offer opportunities for investigators to learn whether sex-related variables emerge as being 

relevant in the context of their particular research programs.

This pilot study confirms the feasibility of conducting a pharmacogenomic study focused 

on pharmacodynamic effects of canagliflozin in healthy volunteers. Based on assessment 

of creatinine content of 24-hour urine collections, we conclude that participants in our 

study provided complete collections of the urine produced during a 24-hour time period. 

Reproducibility and completeness of urine collections are critical elements of a scientifically 

rigorous clinical trial. We observed substantial inter-individual variation of our primary 

outcome (i.e., canagliflozin-induced glucosuria) – varying over a twofold range from ~25 

to ~50 grams of glucose per gram of creatinine. By restricting our study to non-diabetic 

individuals with relatively normal estimated glomerular filtration rates, we limited the 

contributions of two important potential confounders. Inter-individual variation in fasting 

plasma glucose and creatinine clearance accounted for ~1.4% and ~0.5% of the observed 

variance in canagliflozin-induced glucosuria. Although our participants spanned a wide 

range of ages (35-82 years old), the variation in age accounted for only ~5% of the variance 

in canagliflozin-induced glucosuria. Finally, our studies of sex as a biological variable 

demonstrated that the magnitudes of canagliflozin-induced glucosuria were similar in males 

and females when expressed on a per gram-creatinine basis. Based on our observations, 
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we conclude that >90% of the observed variance in our primary endpoint is unexplained 

after accounting for contributions of age, sex, renal function, and fasting plasma glucose. 

Accordingly, our ongoing pharmacogenomic study (NCT02891954) is well positioned to 

define the contribution of genetic factors to the relatively large residual variation in the 

pharmacodynamic effect of canagliflozin.

Our ongoing pharmacogenomic study focuses on pharmacodynamic responses to 

canagliflozin in non-diabetic healthy individuals. This represents one step toward 

identifying genetic variants associated with the magnitude of canagliflozin’s effects on 

clinical endpoints (e.g., HbA1c) in individuals with type 2 diabetes. Such follow-up 

studies can be conducted in the future to determine whether genetic variants associated 

with pharmacodynamic responses in healthy individuals will also be associated with 

clinical responses in individuals with diabetes. We are encouraged by the fact that this 

clinical trial demonstrated a substantial degree of inter-individual variation (twofold) in 

pharmacodynamic response. Furthermore, this degree of variation in pharmacodynamic 

response is likely to be predictive of clinically meaningful differences in clinically relevant 

endpoints in individuals with diabetes. The prescribing information for canagliflozin states 

that canagliflozin monotherapy decreases mean HbA1c by 1.03% (300 mg dose) and 0.77% 

(100 mg dose). Sha et al. 39 reported that the 300 mg dose of canagliflozin induced ~33% 

more glucosuria than the 100 mg dose. When we compare the efficacies of those two 

approved doses of canagliflozin, a 33% increase in glucosuria is associated with 0.26% 

larger HbA1c-lowering. This suggests that a twofold range in drug-induced glucosuria might 

be able to account for a clinically meaningful range among individuals with respect to 

drug-induced HbA1c lowering – from a low of 0.4% to a high of 1.2%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acute effects of canagliflozin on circulating biomarkers.
Baseline blood samples were obtained for measurement of fasting plasma glucose (panel 

A), serum creatinine (panel B), and serum uric acid (panel C). Canagliflozin (300 mg, 

p.o.) was administered 24 hours later to each of the participants. Twenty-four hours after 

administration of canagliflozin, fasting blood samples were obtained to assess the impact 

of canagliflozin on fasting plasma glucose, serum creatinine, and serum uric acid. Data are 

presented as mean ± SEM (N=30).
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Figure 2. Correlations of glucosuria with urinary creatinine excretion and body surface area.
Glucosuria (expressed as mg/day) is plotted as a function of either 24-hour urinary 

creatinine excretion (mg/day) (panels A and C) or body surface area (m2) (panels B and 

D). Data are presented separately for males (panels A and B) and females (panels C and D). 

Using data analysis programs provided in Excel, we estimated slopes for the least-square 

lines and correlation coefficients. P-values were calculated using GraphPad Prism software.
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Figure 3. Sex differences with respect to the magnitude of canagliflozin-induced glucosuria.
Using data presented in Figure 3, we calculated mean ± SEM for canagliflozin-induced 

24-hour urinary glucose excretion normalized in one of two ways: grams of glucose per 

1.73 m2 body surface area (Panel A) or grams of glucose per gram of creatinine (Panel 

B). Data for male and female participants are represented as either black or gray columns, 

respectively.
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Figure 4. Canagliflozin-induced changes in serum uric acid and fractional excretion of uric acid.
Panel A represents a plot of the effect of canagliflozin on serum uric acid level as a function 

of the canagliflozin-induced increase in fractional excretion of uric acid. Both parameters 

are presented as ratios of post-canagliflozin levels divided by pre-canagliflozin levels. 

Panels B and C represents a plot of canagliflozin-induced fractional change in fractional 

excretion of uric acid as a function of canagliflozin-induced glucosuria (grams of glucose 

per gram of creatinine; panel B) or canagliflozin-induced natriuresis (expressed as a ratio of 

post-canagliflozin values divided by pre-canagliflozin values; panel C). We estimated slopes 

for the least-square lines and correlation coefficients using data analysis programs provided 

in Excel. p-values were calculated using GraphPad Prism software.

Taylor et al. Page 15

Diabetes Obes Metab. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Taylor et al. Page 16

Table 1.

Canagliflozin increases urinary sodium excretion (UNa).

Mean ± SEM (range) Males Females Total

N (sample size) 13 17 30

Baseline UNa (total mEq per 24 hrs) 252 ± 19 175 ± 11 208 ± 12

Post-cana UNa (total mEq per 24 hrs) 293 ± 191
(p=0.13)

239 ± 291
(p=0.03)

263 ± 191
(p=0.007)

Δ UNa (mEq per g-creatinine) 31 ± 14 55 ± 22 45 ± 14

Δ UNa (mEq per m2 body surface area) 19 ± 12 35 ± 15 28 ± 10

Δ UNa (mEq per kg body weight) 0.46 ± 0.28 0.87 ± 0.36 0.68 ± 0.24

1
p-values calculated using Student’s t-test for paired data in comparison to baseline values for UNa
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