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Abstract: Sodium-glucose cotransporter (SGLT) inhibitors are a class of oral hypoglycemic agents,
which, in recent years, have been shown to improve renal and cardiovascular outcomes in patients
with diabetic and non-diabetic chronic kidney disease. There remains considerable debate regarding
the potential glucose-independent mechanisms by which these benefits are conferred. SGLT inhibitors,
to a variable extent, impair small intestinal glucose absorption, facilitating the delivery of glucose
into the colon. This suppresses protein fermentation, and thus the generation of uremic toxins such
as phenols and indoles. It is acknowledged that such a shift in gut microbial metabolism yields health
benefits for the host. SGLT inhibition, in addition, may be hypothesized to foster the renal clearance
of protein-bound uremic toxins. Altered generation and elimination of uremic toxins may be in the
causal pathway between SGLT inhibition and improved cardiometabolic health. Present review calls
for additional research.

Keywords: sodium-glucose cotransporter inhibitors; gut microbial metabolism; cardiovascular;
cardiometabolic health

Key Contribution: Mounting evidence indicates that a decreased generation and/or increased renal
clearance of uremic toxins may be in the causal pathway between SGLT inhibition and improved
cardiometabolic health.

1. SGLT Inhibitors

Sodium-glucose cotransporter (SGLT; cotransporter from the SLC5 family) inhibitors
are a potent class of oral hypoglycemic agents that have been shown to improve renal
and cardiovascular outcomes in patients with diabetic and non-diabetic chronic kidney
disease. In humans, the family of SGLT comprises at least six different isoforms. Of
these, SGLT1 (SLC5A1) and SGLT2 (SLC5A2) have been studied extensively because of
their fundamental role in the transepithelial transport of glucose and sodium in the small
intestine and the kidney, through an active mechanism exploiting the Na*—electrochemical
gradient generated by active sodium extrusion by the basolateral Na* /K*-ATPase. Under
baseline conditions, SGLT1 is responsible for glucose absorption in the small intestine,
and for the reabsorption of nearly 10% of the filtered glucose load in the renal proximal
tubule segment 3. SGLT2, conversely, is primarily expressed at the apical membrane
of the renal proximal tubule segments 1 and 2 and is responsible for the reabsorption
of approximately 90% of the filtered glucose load [1]. In the past decade, several SGLT
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inhibitors became commercially available or are in the final phase of development [2].
Interest has been focused on inhibitors specifically targeting SGLT2. These inhibitors are
referred to as SGLT2 inhibitors and encompass canagliflozin, dapagliflozin, empagliflozin,
ertugliflozin, ipragliflozin, and tofogliflozin. Importantly, SGLT2 inhibitors show variable
cross-reactivity with SGLT1 (Table 1), which, in a clinical setting, seems to be relevant only
for canagliflozin [3]. Sotagliflozin acts on both SGLT1 and SGLT2 and is referred to as a
dual SGLT inhibitor.

Table 1. Selection of SGLT2 inhibitors and their pharmacokinetic properties in humans.

Human Human Protein t F £
SGLTi SGLT1 (IC5p SGLT2 (ICs Binding &S %) (o/: ) Refs.
nM) nM) (%)

canagliflozin 684 44 98 11-13 65 <1% [4,5]
dapagliflozin 803 1.6 91 12.2 78 <2% [4]
empagliflozin 8300 3.1 86 11.4-12.4 60-78 11-29 [4,6-8]
ertugliflozin 1960 0.9 94 11-18 100 1.5% [9,10]
ipragliflozin 2329 8.9 96 10-13 90 <1% [4,11,12]
tofogliflozin 8444 2.9 83 6.8 97.5 76% [4,13]

Abbreviations: t;/,—terminal half-life in plasma; F—bioavailability; f.—fraction of dose that was excreted
unchanged in urine; IC50—half maximal inhibitory concentration.

SGLT2 inhibition lowers the renal glucose threshold to approximately 100 mg/dL,
thereby promoting urinary glucose excretion without increasing the risk of hypoglycemia.
Currently, the available SGLT2 inhibitors share several pharmacokinetic characteristics
(Table 1) and show comparable effects on glycemic control. The drugs act from the luminal
side of the tubular cells. They can reach this side by glomerular filtration and/or tubular
secretion, probably through organic anion transporters [11,14]. The latter could facilitate
high local concentrations in the unstirred layer of the apical brush border membrane. SGLT2
inhibitors are well absorbed and are modestly—strongly bound to plasma proteins (Table 1).
Except for empagliflozin and tofogliflozin, the renal clearance of most SGLTs is low and
only a small proportion of the dose is recovered in urine as parent compound. Glomerular
filtration of the free fraction—and tubular secretion to a variable extent—contribute to
luminal concentrations, and as such determine the therapeutic response.

SGLT inhibitors inhibit SGLT1 also preferentially from the extracellular side. Because
of more extensive protein binding (Table 1), the clinical dosage of canagliflozin is higher
(100-300 mg) than for other SGLT2 inhibitors [15]. Consequently, the luminal concentration
of canagliflozin in the upper small intestine after oral administration may hypothesized to
transiently exceed the K; value for SGLT1 (i.e., approximately 17 nM [16]). This implies
that canagliflozin could inhibit SGLT1 from the luminal side of the intestine. SGLT1
inhibition appears to delay and impair glucose absorption and might also influence water
transport [17]. Consequences include reduced postprandial glucose levels, enhanced
glucose-induced plasma glucagon-like peptide 1 (GLP1) secretion, and increased colonic
delivery of glucose. The latter may result in a more favorable microenvironment, promoting
the production of short-chain fatty acids (SCFAs), while suppressing protein fermentation
(Figure 1) [18,19].
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Figure 1. Interaction of SGLT with gut-derived, protein-bound uremic toxins. (1) SGLT inhibitors to a
variable extent impair glucose absorption in the small intestine. (2) Glucose entering the large intestine
will cause a shift from proteolytic toward saccharolytic fermentation, decreasing the exposure of the
host to potentially toxic phenols and indoles. (3) Within the circulation gut-derived protein-bound
uremic toxins may alter binding of SGLT inhibitors to albumin. (4) In the kidney, SGLT inhibitors may
affect renal handling of protein-bound uremic toxins and vice versa and affect renal urate excretion.
Abbreviations: see body of manuscript. Created with BioRender.com (accessed on 4 January 2022).

2. The History of the Discovery and Description SGLT1 and SGLT2

Phlorizin is a glycoside that can be found in the bark and roots of several fruit trees,
including apple and pear. In 1885, it was discovered by von Mering that phlorizin induces
transient glucosuria. It is poorly adsorbed from the gastrointestinal tract, and intravenous
administration is needed to exert its physiological effects. More recently, it has been shown
that phlorizin functions as an SGLT inhibitor [20]. Our understanding of the role of SGLT-
inhibitors dates back to an era before molecular biology. In his magnum opus, The kidney:
structure and function in health and disease (Oxford University Press, Oxford, UK, 1951),
Homer W. Smith provided a description of the physiological effects of phlorizin, noting that
it partly blocks the reabsorption of vitamin C and, of note, it depresses the tubular excretion
of phenol red in chicken. It was speculated that this effect was the consequence of diversion
of energy rather than a specific interference with the transporter mechanisms. These early
speculations have not been corroborated by any recent data grounded in molecular biology.

3. SGLT Inhibitors and Renal and Cardiovascular Outcomes

In the last decade, four SGLT2 inhibitors have become been granted marketing autho-
rization by the European Medicines Agency and the US Food and Drug Administration
for management of hyperglycemia in type 2 diabetes. An increasing number of clinical
trials have reported beneficial cardiovascular and renal outcomes among diabetic and non-
diabetic patients receiving SGLT2 inhibitors [21,22,22-24] or sotagliflozin [25]. The benefits
with respect to heart failure and chronic kidney disease (CKD) have been consistent across
all commercially available SGLT inhibitors and, importantly, were independent of glucose
lowering. The glucose-independent mechanisms by which these benefits are conferred
remain a matter of ongoing debate. Hemodynamic effects, changes in cardiac substrate
utilization and mitochondrial function, alterations in the kidney-heart interaction, and
increased osmotic diuresis are only few of the potential mechanisms. Further elucidation
of the mechanisms driving the cardiorenal benefits of SGLT2 inhibitors is mandatory. Such
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studies might not be necessary to drive implementation, but they are useful for advancing
knowledge that will allow innovation in future therapies. A better understanding of the
mechanisms of action will also facilitate communication regarding the rationale for use of
these drugs with clinicians and patients [26].

4. The Gut-Cardio-Renal Axis

The human intestine hosts a complex and diverse system of mutualistic microorgan-
isms. This rich ecosystem is increasingly regarded as playing a crucial role in human
health and disease. Gut microbiota can interact with the host by the production of a di-
verse array of metabolites [27]. Mounting evidence indicates that gut dysbiosis may link
dietary patterns to cardiometabolic diseases. A Western-style diet, characterized by high
fat, high animal protein, and low dietary fiber intake may cause microbial metabolism
to shift from saccharolytic towards proteolytic fermentation. Such a shift results in less
(local and systemic) exposure to SCFAs and higher exposure to indoles and phenols. A
Mediterranean diet, conversely, may push microbial metabolism in the opposite direc-
tion [28,29]. SCFAs participate in the maintenance of intestinal mucosal integrity, improve
glucose and lipid metabolism, increase the secretion of glucagon-like peptide-1 (GLP-1)
and peptide YY (PYY), and regulate the immune system and inflammatory responses, as
such, they confer protection against cardiometabolic and kidney disease [30]. Conversely,
phenols and indoles released in the systemic circulation portend cardiometabolic and renal
risks, as demonstrated in many experimental and clinical studies [19,31-36]. The toxic sys-
temic effects of phenols and indoles are mediated at least in part by increased intracellular
oxidative stress.

5. SGLT Inhibitors and the Generation, Elimination, and Toxicity of Gut-Derived
Uremic Toxins

5.1. SGLT Inhibitors and Microbial Metabolism

Canagliflozin and sotagliflozin, to a variable extent, impair small intestinal glucose
absorption, facilitating the delivery of glucose into the colon, which fosters carbohydrate
fermentation. The ensuing increased production of SCFAs may cause a reciprocal de-
cline of protein fermentation. Well-designed in vitro studies showed that an increased
availability of carbohydrates diminishes microbial amino acid fermentation through its
pH-lowering effect, its action as a microbial energy source, and the process of “catabolite
repression” [18,37].

A proof of concept has recently been demonstrated in two experimental studies [38,39].
Treatment with canagliflozin (10 mg/kg po) for 2 weeks significantly reduced the plasma
levels of p-cresyl sulfate and indoxyl sulfate in mice with kidney failure (compared with
the vehicle group a 75% and 26% reduction, respectively). Additionally, canagliflozin
significantly increased cecal short-chain fatty SCFAs. Analysis of the cecal microbiota
demonstrated that canagliflozin significantly changed microbiota composition in the kidney
failure mice [38]. In another experimental study using the same kidney failure model,
SGL5213—a novel and potent intestinal SGLT1 inhibitor—ameliorated kidney function and
reduced gut-derived uremic toxins (phenyl sulfate and trimethylamine-N-oxide). SGL5213
also ameliorated renal fibrosis and inflammation [39]. As such, the effect of SGLT inhibitors
may mimic that of dietary fiber supplements [40], prebiotics [41,42], or acarbose [18].

5.2. SGLT Inhibitors and Renal Elimination of Protein-Bound Uremic Toxin

Most of abovementioned uremic toxins originating from gut microbial aromatic amino
acid metabolism are organic anions and circulate, strongly bound to albumin. Renal ex-
cretion thus occurs mainly through tubular secretion [43]. The first step in renal tubular
secretion of organic anions is mediated by transporters in the basolateral membrane (BLM).
Primary active Na*/K*-ATPase (EC 3.6.3.9), secondary active Na*-dicarboxylate cotrans-
porter 3 (NaDC3/SLC13A3), and tertiary active organic anion transporters (OAT1/SLC22A6,
OAT2/SLC22A7, and OAT3/SLC22A8) all are involved [44]. The expression of OAT1 and
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OAT3 partially overlap with the expression of SGLT2 in the cortical proximal convoluted
tubules: OAT1 and OAT3 are located in the BLM and SGLT?2 in the brush border at the
apical side. Whether SGLT?2 inhibition has indirect effects on the tubular secretion of organic
anions remains to be investigated. Reabsorption of glucose in the proximal kidney tubule is
a secondary active transport. SGLT2 inhibition may thus safeguard energy, fostering other
secondary or tertiary active transporters, such as OATs. Furthermore, SGLT2 inhibitors
have been reported to lower the serum uric acid level by increasing its renal excretion [45].
This most likely occurs through an indirect interaction with URAT1 (SLC22A12), responsible
for 99% reabsorption of uric acid from the ultrafiltrate, and GLUT9 (SLC2A9). Canagliflozin
was shown to acutely increase the fractional urate excretion in mice, an effect that was
absent in Urat1 knockout mice, despite a similar glucosuric response. The role of Glut9
was less clear, despite a clear upregulation in gene expression by the SLGT inhibitor [46].
Interference with other transporters, however, remains to be demonstrated.

5.3. Protein-Bound Uremic Toxins and the Pharmacokinetics and Pharmacodynamics of
SGLT-2 Inhibitors

Protein-bound uremic toxins may be hypothesized to affect the pharmacokinetics
and pharmacodynamics of SGLT2 inhibitors by interfering with their protein binding and
tubular secretion [47]. In line with this hypothesis, the pharmacodynamic response to
SGLT2 inhibitors as assessed by urinary glucose excretion was observed to decline along
the severity of kidney dysfunction. Importantly, despite this dampened pharmacodynamic
response, the glucose-lowering efficacy and safety of SGLT2 inhibitors are similar in patients
with mild CKD and individuals with normal kidney function [4].

5.4. SGLT-Inhibitors Attenuate Oxidative Stress

Experimental data suggest that empagliflozin attenuates uremic serum (and indoxyl
sulfate)-induced generation of endothelial mitochondrial reactive oxygen species. This
leads to the restoration of nitric oxide production and endothelium-mediated enhancement
of nitric oxide levels in cardiomyocytes. This effect was shown to be largely independent
of sodium-hydrogen exchanger-1 [48].

6. Future Prospects

In aggregate, evidence suggests a bidirectional interaction between SGLT inhibitors
and protein-bound uremic toxins originating from gut microbial metabolism. There is
an urgent need for additional experimental and clinical research. The following research
questions, among others, should be addressed: does SGLT inhibition lower the generation
of gut-derived uremic toxins? Does SGLT inhibition increase the fractional urinary excretion
of urate and protein-bound uremic toxins? A better insight into the mechanisms of the
actions of SGLT inhibitors may prove useful in identifying patients that may benefit the
most from this new class of drugs. As such, their scope may expand from glucose control in
diabetes patients to renal protection in patients with diabetic and non-diabetic nephropathy
to cardiometabolic protection in the general population. SGLT inhibitors have the potential
to become the long-sought adjuvant therapy to tackle protein-bound uremic toxins—many
of which originate from gut microbial metabolism—in patients with advanced-stage CKD.
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