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Abstract

The beneficial cardiorenal outcomes of sodium-glucose cotransporter 2 inhibitors
(SGLT2i) in patients with type 2 diabetes mellitus (T2DM) have been substan-
tiated by multiple clinical trials, resulting in increased interest in the multifarious
pathways by which their mechanisms act. The principal effect of SGLT2i (-flozin
drugs) can be appreciated in their ability to block the SGLT2 protein within the
kidneys, inhibiting glucose reabsorption, and causing an associated osmotic
diuresis. This ameliorates plasma glucose elevations and the negative cardiorenal
sequelae associated with the latter. These include aberrant mitochondrial
metabolism and oxidative stress burden, endothelial cell dysfunction, pernicious
neurohormonal activation, and the development of inimical hemodynamics.
Positive outcomes within these domains have been validated with SGLT2i
administration. However, by modulating the sodium-glucose cotransporter in the
proximal tubule (PT), SGLT2i consequently promotes sodium-phosphate cotrans-
porter activity with phosphate retention. Phosphatemia, even at physiologic
levels, poses a risk in cardiovascular disease burden, more so in patients with type
2 diabetes mellitus (T2DM). There also exists an association between phos-
phatemia and renal impairment, the latter hampering cardiovascular function
through an array of physiologic roles, such as fluid regulation, hormonal tone,
and neuromodulation. Moreover, increased phosphate flux is associated with an
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associated increase in fibroblast growth factor 23 levels, also detrimental to
homeostatic cardiometabolic function. A contemporary commentary concerning
this notion unifying cardiovascular outcome trial data with the translational
biology of phosphate is scant within the literature. Given the apparent beneficial
outcomes associated with SGLT2i administration notwithstanding negative effects
of phosphatemia, we discuss in this review the effects of phosphate on the
cardiometabolic status in patients with T2DM and cardiorenal disease, as well as
the mechanisms by which SGLT2i counteract or overcome them to achieve their
net effects. Content drawn to develop this conversation begins with proceedings
in the basic sciences and works towards clinical trial data.

Key Words: Sodium-glucose cotransporter 2; Phosphate; Hyperphosphatemia;
Cardiovascular; Canagliflozin; Dapagliflozin; Empagliflozin; Endothelial

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Sodium-glucose cotransporter 2 (SGLT2) inhibitors have received increased
attention regarding their pleiotropic effects given their markedly impressive
performance in cardiovascular outcome trials (CVOT). Preliminary evidence shows
that their role as antidiabetic agents is not their sole mechanism in achieving these
cardiorenal protective properties. Therefore, investigation in the auxiliary properties
that they hold concomitant with glucose control, vindicated by not only CVOTs, but
meta-analyses, retrospective studies, and case reports has led to increased interest in
delineating their global pharmacodynamic effects across the spectrum of gene
expression and molecular modulation to end-organ translational biology. Such a full
profile of their effects is not yet understood given the refractory period between clinical
evidence supporting their utilization and a proclivity for their implementation in
practical clinical environments. In this review, we answer inquiries regarding how via a
multifarious avenues, SGLT2 inhibitors, while carrying a negative effect of induced
phosphatemia (which is deleterious to the heart), compensate for this phenomenon,
retaining their propensity for net cardiac benefit upon pharmacotherapeutic adminis-
tration under appropriate clinical circumstances.

Citation: Nashawi M, Ahmed MS, Amin T, Abualfoul M, Chilton R. Cardiovascular benefits
from SGLT2 inhibition in type 2 diabetes mellitus patients is not impaired with phosphate flux
related to pharmacotherapy. World J Cardiol 2021; 13(12): 676-694

URL: https://www.wjgnet.com/1949-8462/full/v13/i12/676.htm

DOI: https://dx.doi.org/10.4330/wjc.v13.i112.676

INTRODUCTION

In addition to serving a role as antidiabetic agents by mediating glycemic control, the
cardiovascular benefits associated with sodium-glucose cotransporter 2 inhibitors
(SGLT2i) administration is a boon for patients with type 2 diabetes mellitus (T2DM)
given that such patients suffer immensely from increased risk of microvascular and
macrovascular complications attributable to T2DM, such as diabetic nephropathy and
major adverse cardiovascular events (MACE), respectively[1]. It is noteworthy to state
these sequelae are not mutually exclusive when one discusses the cardiovascular
health of patients with T2DM and the renal considerations of phosphate dynamics
with SGLT2i administration on MACE. An example highlighting these interdigitated
cardiorenal pathways can be appreciated when considering that cardiovascular
demise in patients with T2DM may predispose to acute kidney injury (AKI) through
hypoperfusion and consequently, a diminished capacity to efficiently maintain
glomerular filtration rate (GFR). Conversely, pathologic nephropathy from T2DM
unveils baneful circumstance within the nephron conducive to MACE via misman-
agement of fluid and ion flux as well as pathologic neurohormonal activation via the
renin-angiotensin-aldosterone system (RAAS)[2-4].
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Estimates suggest that T2DM is prevalent in roughly 40% of chronic kidney disease
(CKD) patients in the United States[5]. Epidemiological studies further contextualize
this association, with one United States Renal Data System (USRDS) report implicating
diabetes in 44% of end-stage renal disease (ESRD) cases[6]. Moreover, examinations of
10-year cumulative mortality profiles of participants in the Third National Health and
Nutrition Examination Survey (NHANES III) linked with the National Death Index
has shown that among individuals with diabetes and kidney disease, standardized
mortality was 31.1% (95%CI: 24.7%-37.5%) relative to 7.7% within the reference group,
a patient populous defined as that without diabetes or kidney disease (95%CI: 7.0%-
8.3%)[7]. This represents a statistically significant absolute risk difference of 23.4%
(95%ClI: 17.0%-29.9%, P < 0.01). Such emphasis on the baleful aspects of T2DM is
important as cardiovascular disease (CVD) burden and T2DM presents with a
similarly grim association, as seen in an incidence-based study by Straka et al[8], which
followed 29863 patients (5501 with T2DM and 24362 without T2DM). In this study, it
was observed that patients with T2DM exhibited a statistically significant relative risk
of 1.53 for myocardial infarction (MI), 1.1 for coronary artery disease (CAD), 2.12 for
heart failure, and 1.58 for stroke.

With an expanded understanding of the pathophysiologic pathways that stem from
T2DM and branch towards its sequelae comes a paradigm shift in which T2DM is no
longer focused solely as a disorder of hyperglycemia and aberrant insulin regulation
warranting the reduction of hemoglobin A1C (HbA1C) for adequate clinical
management[9-12]. Rather, an appraisal of diabetic complications is giving rise to a
change in therapeutic approaches that target T2DM sequelae in tandem with glucose
and insulin dynamics for expanded, and flexible T2DM treatment strategies. This can
be appreciated by the advent of pharmacotherapeutic options with various
mechanisms of action and pleiotropic effects, in addition to the Food and Drug
Administration’s shift towards expectations that antidiabetic agents being considered
for approval undergo scrutiny that is validated by trial data that takes into account the
systemic effects of T2DM (with an emphasis on microvascular and macrovascular
pathophysiology)[13]. Evidence for this change in doctrine can be seen in the elevation
of SGLT2i to more preferential recommended therapeutic options for complicated
T2DM by authoritative bodies and medical societies such as the American College of
Cardiology (ACC), the American Diabetes Association (ADA), and Kidney Disease
Improving Global Outcomes (KDIGO)[14-17].

Affirmation for the beneficial clinical outcomes with SGLT2i pharmacotherapy is
validated by favorable results in landmark clinical outcome trials. These aforemen-
tioned trials scrutinized the effects of multiple SGLT2i agents (namely, empagliflozin,
dapagliflozin, and canagliflozin) in their ability to reduce endpoints defined by
cardiovascular mortality, hospitalizations for heart failure, and renal considerations of
associated cardiovascular demise such as death from renal failure and end-stage renal
disease exacerbation, to name a few[18-21]. These drugs work (as illustrated in
Figure 1) by blocking the reabsorption of glucose via the SGLT2 protein, which is
responsible for the reuptake of the vast proportion of glucose in the proximal renal
tubule. The latter causes glucosuria and decreased serum glucose levels, which inhibits
the salient pathophysiologic pathways in T2DM triggered by hyperglycemia. The
degree of glucosuria varies depending on drug metabolism, SGLT2 protein expression
as well as distribution, and diabetic status. However, narrative reviews backed by
quantitative estimates of the nephron’s functional capacity and a general window of
SGLT2i efficacy suggest that the glucosuria induced can lead to the excretion of up to
150 g of glucose daily with pharmacotherapy[22].

Associated with such glucosuria is also the liberation of fluid with SGLT2i therapy
among patients with T2DM. In normal, healthy adults, the kidneys have the
propensity to filter roughly 180 g of glucose per daily, the vast majority of which is
usually reabsorbed at the proximal convoluted tubule (PCT) via sodium-glucose
cotransport[23]. Due to insulin resistance exhibited in patients with T2DM, peripheral
GLUT4 expression is decreased in T2DM, leading to increased serum glucose, and
increased filtered glucose load through the glomerulus once perfusion reaches the
nephron. The low affinity-high capacity properties of the SGLT2 protein within the
PCT, allows for substantial glucose reabsorption, with reabsorption dynamics reaching
up to 90% in certain physiologic scenarios[24,25]. By inhibiting where the majority of
glucose reabsorption at the PCT, there remains feeble opportunities for glucose
reabsorption to take place along downstream sites within the nephron, resulting in an
increase in osmotic pressure to the flow en route to eventual urinary output[26].
Subsequently, an increased osmotic pressure from a rise in SGLT2i mediated increase
in luminal glucose prevents the egress of glucose across tubule cells (and by proxy, the
interstitial compartments) resulting in increased urinary volume[27-29] and liberation
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Figure 1 Glycosuria mediated from sodium-glucose cotransporter 2 inhibition. Adapted from OpenStax College, which is licensed under a Creative
Commons Attribution 3.0 Unported License. SGLT2: Sodium-glucose cotransporter 2.

of systemic fluid.

The natriuresis involved in SGLT2i pharmacotherapy has recently been scrutinized
and there are mixed views as to the degree of natriuresis involved in SGLT2i therapy,
as while there is an osmolarity of sodium that would have been tethered for sodium-
glucose cotransport, inhibition does not preclude this sodium from undergoing
reabsorption at other sites, with some sites even performing compensatory roles in
sodium reabsorption after transient natriuresis has been completed[30]. For example,
in the thick ascending loop of Henle the Na-K-Cl cotransporter shunts luminal sodium
that would have been excreted in urine. Then sodium is discharged into the blood via
ATP-dependent sodium-potassium pump, resulting in retention of sodium. While
playing a minor role, sodium reabsorption also takes place in the distal convoluted
tubule through a sodium-chloride symporter that harvests urinary sodium that is also
discharged via ATP-dependent sodium-potassium pumps. Nevertheless, studies with
SGLT2i administration over a 4-week course of empagliflozin resulted in a 30%-60%
increase in urinary sodium (which pulls water along for excretion) in patients with
T2DM (P < 0.001), and was positively correlated to the degree of glucosuria (P < 0.001)
[31]. The cumulative effects of this fluid loss can be appreciated from a cardiovascular
perspective as a reduction in blood pressure as vindicated by the landmark trials,
implying a reduced afterload. Moreover, studies show that the fluid loss in SGLT2i
therapy occur via losses in intravascular compartments, implying a reduction in
preload. This dual reprieve in those with heart disease promotes a physiologic status
that leads to improved ventricular loading without maladaptive compensatory
changes such as remodeling, and may be partially responsible for positive CVOT
results, although it shown be mentioned there are many pleiotropic effects of these
drugs under investigation[32-34].
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SLGT2i also promote cardiovascular benefits in patients with T2DM through
auxiliary avenues deeply rooted in diabetic sequelae such as through the blunting of
harmful reactive oxygen species (ROS), modulating detrimental neurohormonal
activation, improving oxygen flux, and preserving a positive vascular biology profile
[35-38]. However, since the capacity for SGLT2i agents hinder the cotransport and
reabsorption of sodium and glucose, the sodium gradient is therefore retained for
sodium-dependent phosphate cotransporters (SLC34A1 and SLC34A3) as referenced
in Figure 2[39-41]. The consequence of this shift in renal cotransporter dynamics is a
resultant increase in phosphate reabsorption at the site of the proximal tubule,
resulting in hyperphosphatemia. Albeit a recognized a process, ramifications of
phosphate flux with SGLT2i administration within the literature have largely been
centered upon a controversial dialogue on whether or not these agents contribute to
deficits in bone mineral density of significance to subsequently provoke bone fractures
[42-44]. Scant in the literature however, is a commentary highlighting the role of serum
phosphate changes mediated by SGLT2i on CVD, considering CVOT have vindicated
SGLT2i in mitigating CVD burden. Nevertheless, the pharmacology of SGLT?2i theoret-
ically induces increased serum phosphate, which is associated with vascular
calcification and stiffness, cardiac remodeling, and other pathologic changes
conductive to MACE (observed in settings independent of SGLT2i administration),
especially in populations with aberrant metabolic derangements such as T2DM and
diabetic CKD[45-49]. A discussion of the relative degrees of phosphate induction with
SGLT2i therapy in relation to the attenuation of T2DM and its sequelae conferred with
therapy (as is supported by multiple clinical trials) is prudent for giving full context on
the pharmacology of SGLT2i while affirming that these drugs are still associated with
remarkably beneficial cardiovascular benefit.

The effects of phosphate on cardiovascular function and also renal physiology
which thereby impacts cardiovascular function is well documented. While discussed
primarily within the scope of the nephron, hyperphosphatemia as a side effect
associated with SGLT2i administration has been vindicated in human studies. In one
study by Blau et al[50], among 25 research participants receiving Canagliflozin 300 mg
over placebo, a marked increase in sodium excretion with an increase in associated
serum phosphate levels were noted, giving validation for the sodium-phosphate
cotransporter mechanism of SGLT2i mediated phosphatemia. Moreover, Canagliflozin
administration was associated with a 16% increase in serum phosphate levels over
placebo (P < 0.001).

In another post-hoc analysis of a double-blind, randomized, crossover trial in 31
patients with T2DM and early-stage diabetic kidney disease (defined as an albumin-to-
creatinine ratio between 100 and 3500 m/g, eGFR > 45 mL/min per 1.73 m? and 11.4%
> HbAlc 2 7.2%, patients were randomized to dapagliflozin 10 mg daily or placebo.
Dapagliflozin administration increased serum phosphate by 9% (95%ClI: 4%-15%, P =
0.002)[51]. Interestingly, this increase in phosphate was not correlated with changes in
eGFR or 24-h albumin excretion, a known marker of renal and by proxy, cardio-
vascular impairment[52-54]. Such an increase in phosphate with dapagliflozin
administration is noteworthy when considering that a 2016 analysis incorporating over
an ethnically diverse cohort of 94989 patients stratified for population-based
phosphorus quartiles by ethnicity demonstrated that 0.5 mg/dL serum phosphorus
increases were associated with adjusted hazard ratios of increased renal mortality[55].
Examinations of NHANES III with incident ESRD and elevated phosphate (> 4
mg/dL) proved elevated ESRD incidence compared to those with lower phosphate
levels (RR = 1.90; 95%CI: 1.03-3.53; P = 0.04)[56]. The latter two studies show a
disparity between the dogma of phosphatemia and empiric findings of studies using
dapagliflozin.

Associated with hyperphosphatemia is the elevation of fibroblast growth factor 23
(FGF23)[57,58]. This protein has received interest in its clinical applications due to its
potential in mediating aberrant metabolic pathways associated with cardiovascular
health, as marked by its associated with MACE providing a link between hyperphos-
phatemia and the heart[59-61]. There is a growing body of evidence that FGF23 is a
key player in signaling pathways related or as a biomarker related to distinct
pathologic avenues of diminished cardiovascular function- these include left
ventricular hypertrophy (LVH), endothelial cell dysfunction, arterial fitness, and
atherosclerosis[60,62]. Nevertheless, we can appreciate that SGLT2i, despite promoting
hyperphosphatemia (and subsequently FGF23 as marked by the Canagliflozin and
Dapagliflozin phosphate studies) mitigate cardiovascular disease buden[50,51]. We
speculate that despite being central to pathways that hamper cardiovascular disease
outcome, the mechanisms by which phosphatemia and FGF23 expression induce these
impairments are also attenuated by SGLT?2i in their pleiotropic effects, with even more
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Jaishideng®

WJC | https://www.wjgnet.com 681

mechanisms of cardiovascular benefit and thus, leading to a “net” positive outcome.
The course of this review will outline these pathways from a phosphate metabolism
perspective, and subsequently via commentaries on how SGLT2i overlap with these
pathways and go beyond these collective pathways to further support cardiovascular
health.

Moreover, the associated osmotic diuresis promotes the loss of sodium and water,
which decreases blood pressure and improves oxygen flux and hemodynamic status.
For example, in EMPA-REG (Empagliflozin, Cardiovascular Outcomes, and Mortality
in Type 2 Diabetes), 7020 patients with established coronary artery disease and T2DM
were slated to receive 10 mg empagliflozin (1 = 2345), 25 mg empagliflozin (n = 2342)
or placebo (n = 2333)[63]. The results were reductions in the risk of cardiovascular
(CV) death by 38% relative to placebo (3.7% vs 5.9%, HR = 0.62; 95%Cl: 0.49-0.77; P <
0.001). An exploratory mediation analysis of EMPA-REG attempted to identify
elements influencing CVD death risk reduction with empagliflozin by analyzing post
hoc mediators through Cox regression[64]. A significant finding of this audit of trial
covariates and their influence in survival identified that hematocrit and hemoglobin
mediated roughly 50% of the propensity of empagliflozin to improve CV survival
relative to placebo. One possible reason for this rise in red blood cell (RBC) magnitude
may be due to more efficient erythropoiesis via the renoprotective properties of
SLGTI2[65,66]. Support for this theory can be found in a small-scale study of 66
patients administered empagliflozin over four weeks, with a 31% increase in
erythropoietin (P = 0.0078) seen in 64 patients[31]. Similar improvements in
erythropoiesis have been observed in other classes of SGLT2i, dapagliflozin and
canagliflozin[67,68]. The role for this phenomenon in CV survival is not well studied
however and can be attributed from improvements in oxygen flux and global
metabolic resource allocation. Alternatively, parsimony would suggest that osmotic
diuresis and improved handling of fluid would result in an increase in RBC
constituents via dilution-concentration dynamics, and the CV survival observed would
be attributable to the mitigation of edema and ventricular stress. Nevertheless, lessons
from SGLT2i therapy show us that the improved prospects for patients with T2DM are
pleiotropic in nature and extend beyond correction of hyperglycemia. This concept is
congruent with the focus in this work that multiple axes promote improved outcomes
notwithstanding phosphate metabolism. Such principles will be reinforced throughout
this commentary.
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PHOSPHATE METABOLISM, DIABETES, HEART DISEASE- LOADING
SGLT2 IN THE PICTURE

Within the context of the pleiotropic effects of SLGT2i administration and phosphate
metabolism, it is noteworthy to mention that the ramifications of phosphate
metabolism occur peripherally and not directly within the heart itself. The SGLT2
protein is not expressed within cardiac tissue, as demonstrated by sequencing studies
[69]. Therefore, to make remarks about SGLT2 inhibition within the context of
phosphate metabolism, a query of phosphate metabolism beginning within the
nephron is warranted.

In normal settings of serum hyperphosphatemia, the parathyroid glands address
this homeostatic imbalance through the secretion of parathyroid hormone (PTH). PTH
acts on the PT to inhibit sodium/phosphate cotransport, resulting in the excretion of
phosphate through urine. There is also a secondary implication of increased sodium
flux on the cotransporters hosted on distal portions of the nephron and their relative
dynamics Moreover, PTH also has an auxiliary role of promoting phosphate
absorption from the small intestine as well as bone, shuttling phosphorus into serum.
It also has a role in the activation of vitamin D via secondary hydroxylation, which has
cardiorenal implications which will later be discussed. For brevity and completeness,
this activation of vitamin D is implicated in the absorption of calcium and phosphate
within the intestine, with less reliance on phosphate flux on Vitamin D, resulting in a
net decrease of phosphate[70].

However, the metabolism of phosphorus and its associated compounds in the
context of contemporary lifestyle and diet with an emphasis on heart disease and
T2DM has caused a paradigm shift in how this homeostatic mechanism plays out for
such patients. Current diets, especially in the western world, are dense in phosphate
and have ramifications in a populous that has a significant burden of T2DM and heart
disease[71,72]. Animal studies conducted have shown that both genetically impairing
sodium-phosphate cotransporter function as well as hyperphosphatemia-induced via
diet in wild-type mammals results in a phenotype akin to metabolic syndrome, which
includes loss of lean skeletal muscle mass, increased reactive oxygen species
formation, and renal impairment and cardiopulmonary deficits[73]. This dual-
approach of the elicitation of increased serum phosphate with similar end-point results
confirmed by histologically analyses was cited as giving credence towards the notion
that absolute hyperphosphatemia was the end insult responsible for these findings
[73]. These findings mirror the components of derangements seen in patients with
T2DM and cardiovascular disease.

For example, earlier animal studies show support for hyperinsulinemia promoting
reductions in the fractional excretion of phosphate in dogs, caused mainly by
abatement in the ratio of tubular fluid to plasma phosphate domineered primarily by
proximal tubular phosphate reabsorption (P < 0.02), lending an association between
dysfunctional glucose metabolism and phosphate flux with consequences in disease
states such as cardiovascular disease[74]. Further evidence for an association between
derangements in glucose and phosphate are furthered by one human study, *'P
magnetic resonance spectroscopy (MRS) assessing the effects of a hyperglycemic-
hyperinsulinemic clamp experiment augmented on study subjects noted an increase in
inorganic phosphate and reductions in phosphocreatinine (PCr)[75]. The reductions in
PCr have direct implications in heart disease, as one study by Bhella et al[76] recruited
healthy patients and those with heart failure with preserved ejection fraction (HFpEF)
to perform lower limb exercises with MRI scanning evaluation to assess myocyte
function. HFpEF patients were noted to have reduced rates of oxidative
phosphorylation rates, with an increase in refractory period to normalization of
phosphocreatine when compared to healthy sedentary age-matched controls. Blunted
PCr replenishment can cause concern as it functions as a phosphate derivative that
skeletal muscle may opt to metabolically activate when ATP reserves are not high
enough to sustain a respective workload. Reductions in PCr as seen in hyperphos-
phatemic states show an increased in the proclivity for cardiomyocytes to undergo
apoptosis or irregular phenotypes[77].

Irregularities in phosphate in hyperinsulinemic states as mentioned above have also
been directly studied in patients with T2DM, setting the foundation for investigation
in diabetic heart disease and phosphate metabolism, with SGLT2i. *’P MRS scanning
the vastus lateralis of patients with T2DM compared to healthy, aged-controlled
matches showed an absolute decrease in PCr, (PCr 28.6 £ 3.2 vs 24.6 £ 2.4, P < 0.002),
which is supported by a negative correlation between PCr and HgbA1C (r = - 0.63, P <
0.01)[78]. These findings support that the diabetic state as well as the cardiovascular
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state are impacted by sequelae related to hyperphosphatemia, especially in patients
with conditions related to insulin resistance where SGLT2i utilization would be
warranted given appropriate consideration considering their increased use in patients
with diabetes and cardiovascular disease.

Another derangement observed in the Ohnishi study was renal impairment seen in
the form of renal arteriole calcification with apoptotic cells upon histology directly
associated with heavy phosphate burden, indicative of maladaptive renal calcification.
Such observations have been observed in humans, with ramifications of CKD and
ESRD[79]. Prevailing theories include phosphate aggravating vascular smooth cells or
the buildup of calcium byproducts in the form of nephrocalcinosis[80]. Similar
derangements, albeit by different constituents, occur in T2DM. Such processes both
however heavily similarly impact the cardiovascular benefits in patients with T2DM.
Patients with T2DM experience insulin resistance and as result experience blunted
responses to glucose attenuation, precluding euglycemia. The excess of glucose tends
to undergo nonenzymatic glycosylation with amine groups of the glomerular
basement membrane of the kidney, causing protein leakage which occludes the arterial
lumen. This process propensity to impact the efferent arteriole sooner and with more
impact than the afferent arteriole, causing an increase in intraluminal pressure and
GFR[81].

One consequence of this relative mismatch in luminal caliber is an initial
hyperfiltration cascade that ultimately damages the renal mesangium. Subsequent
hyalinization of the afferent arteriole decreases GFR, ultimately manifesting as diabetic
kidney disease and subsequently, CKD. The decrease in afferent lumen caliber is noted
by afferent baroreceptors and elicits renin secretion by the juxtaglomerular cells.
Subsequently this promotes the renin-angiotensin-aldosterone system (RAAS) cascade
[82]. Ramifications of the RAAS system include an increase in blood pressure as
marked by the activity of angiotensin II on the systemic vasculature, causing an
increase in afterload as well as sodium retention. Chronically, this can lead to left
ventricular hypertrophy and subsequently MACE. We will see that phosphate
ultimately impacts the heart in a critical manner similarly, however, the net benefit of
SGLT2i through their pleiotropic effects negate the deleterious effects of increased
phosphate levels and lead to beneficial cardiorenal outcomes.

Compromised kidneys, such as in the case of phosphate and T2DM flux promotes a
physiologic equilibrium that is acclimated to the retention of metabolic toxins which
directly serve as insults to the heart and kidney in cardiorenal syndrome as defined by
KDIGO[3]. In normal physiologic circumstances, increased congestion caused by
edema results in stretch of native mechanosensory nerve fibers scattered throughout
the abdominal and pelvic wall[83]. This leads to a phenomenon known as the
renorenal reflex, by which activation of this system attenuates efferent renal
sympathetic nervous system activity (ERSNA)[84,85]. Decreased ERSNA is associated
with a higher threshold for al-adrenoceptor activation. These receptors play a vital
role in the activation of transporters in the proximal tubule that lead to a state of net
sodium reabsorption. By decreasing their function, the renorenal reflex induces
natriuresis and relief of central congestion. However, chronic kidney disease and
ESRD is associated with dysregulation of the renorenal reflex[86,87]. SGLT2i therapy
approaches this consequence of renal impairment and promotes homeostatic renal
function by offering liberating sodium. Patients with T2DM experience an increase in
filtered glucose, which is reabsorbed along with sodium in the proximal tubule with a
higher affinity[88]. SGLT2i, mitigates the reabsorption of glucose of up to 90%, with
concomitant sodium loss, disinhibiting the juxtaglomerular apparatus from promoting
the hyperfiltration loop. Sodium is subsequently diuresed, sparing the kidney from
edema and congestion.

In spite of phosphate mediated renal decline, SGLT2i have been shown to improve
cardiovascular as well as renal health in patients with T2DM and CKD. CANVAS-
Renal (Canagliflozin and cardiovascular and renal events in type 2 diabetes) was one
trial that elucidated the effects of canagliflozin on cardiorenal outcomes[89]. Primary
outcomes of interest were drawn from composites of cardiovascular death (CVD),
nonfatal myocardial infarction (MI), and nonfatal stroke. Death from any cause, CVD
related death, albuminuria exacerbation, and heart failure hospitalization. The primary
outcome showed improvements in patients receiving canagliflozin compared to
placebo (HR = 0.86; 95%CI: 0.75-0.97, P = 0.02)[20]. Cardiovascular secondary
outcomes did not demonstrate superiority, (death from any cause, P = 0.24), and thus
hypothesis testing was discontinued[20]. However, we will see that other SGLT2i have
differential profiles conducive to cardioprotection in spite of phosphate mediated
damage, and this example of CANVAS-Renal was included to illustrate that
phosphate mediated nephrotoxicity with SGLT2i is not a significant factor as
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demonstrated by clinical trial data as will be discussed. Interestingly, it is noted that
magnesium modifies the cardiovascular mortality profile of patients undergoing
hemodialysis in a positive respect[90]. In one meta-analysis, it was shown that SGLT2i
improved serum magnesium levels with the potential to attenuate PTH, and was
implicated as a potential underlying factor in cardiorenal mortality benefits in one
SGLT2i trial[91]. This is just one of the multiple pleiotropic effects of SGLT2i.

As we see the continuous deleterious effects of hyperphosphatemia, a query in its
mechanisms naturally arises. Investigations into the mitochondrial physiology has
shown that oxidative stress, as seen in patients with T2DM, can exacerbate phosphate
mediated toxicity and cause insulin and glucose dysregulation[92]. Mitochondrial
deficits are the central theme in reactive oxygen species (ROS) formation belief in
which by hyperglycemia mediates ROS formation, which impacts nodes of cardiorenal
significance[35].

HYPERPHOSPHATEMIA, SGLT2, AND CARDIORENAL IMPLICATIONS

One prevailing study directly linking increased intracellular phosphate with
cardiovascular incidents a la ROS is through endothelial dysfunction, which act by
various mechanisms such as nitric oxide mitigation leading to decreased vascular
compliance, vascular apoptosis, and the promotion of atherosclerotic plaques[91-93]. It
has also been shown to promote arterial stiffness in healthy individuals[94]. The
aggregate effect of these processes limits vascular compliance and the ability for the
heart to adapt to hemodynamic instability. T2DM overlays this effect by inducing the
formation of one member of the ROS family, NF-«xB, which increases cardiomyocyte
tension through activating processes related to pressure-induced remodeling and
fibrosis as well as upregulates pro-coagulant factors such as tissue factor VIII and by
proxy, downregulates anticoagulant factors such as plasminogen and urokinase[95,
96]. The net effect of both processes would have ramifications in oxygen flux and the
propensity for the cardiovascular system to abate vascular injury caused by shear
stress, with potential consequences being thrombosis and embolization, and
subsequently MACE. An overview of these processes can be seen in Figure 3.

Maladaptive ramifications of MACE are vast, and may include arrhythmia from
hypertrophy and disequilibrium of the electromechanical conduction system of the
heart in relation to cardiac geometry, to coronary events or heart failure. Both T2DM
and aberrant phosphate toxicity have been implicated in modulating the redox state of
mitochondria, causing disruptions in important cardiomyocyte channel regulators
such as MAPK and calcium flux via SERCA with the propensity to cause abnormal
heart rhythm[97-99].

Yet, evidence with SGLT2i continue to redeem their propensity to bolster the
cardiovascular profile of patients with T2DM. The EMPA-REG OUTCOME trial
(Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus
Patients-Removing Excess Glucose) was one of the initial SLGT2i trials that gave
insight into the utilization of SGLT2i for patients with a high cardiovascular risk
profile[89]. In the study, three randomized groups were given empagliflozin 10 mg (n
= 2345), empagliflozin 25 mg (1 = 2342), or placebo (n = 2333). EMPA-REG defined its
primary outcomes to note a composite of CVD death, nonfatal MI(s) (not including
silent MI), or nonfatality associated with primary endpoint considerations. Unstable
angina culminating in hospitalizations were designated as the secondary outcome[90].
Reports from this trial noted relative risk reduction (RRR) of around 13% in the
primary outcome group taking both empagliflozin dosages when compared to placebo
(HR = 0.86; 95%CI: 0.74-0.99; superiority P = 0.04)[18]. Secondary outcome was not
statistically significant (12.8% vs 14.3%, HR = 0.89; 95%ClI: 0.78-1.01; superiority P =
0.08).

Moreover, Sato et al[100] examined 46 patients with T2DM given SGLT2i and
observed their QTc, (the absolute range of QT-intervals in a 12-lead electrocardiogram,
and a surrogate for ventricular depolarization. It was shown that SGLTi pharmaco-
therapy resulted in a reduction of QTc by roughly 9%. It is believed that this reduction
in QTc,is not related to glycemic control, but blood pressure reduction. These findings
are interesting as the show the propensity to regulate ventricular depolarization, and
shedding a potential perspective to one pleiotropic effect of mortality reduction in
EMPA-REG as a substantial portion of the cohort in of hypertensive EMPA-REG
cohort participants were designated as having left ventricular hypertrophy per ECG
findings[101,102]. Cardiovascular benefits that deviate from the antidiabetic effects of
SGLT2i such as a decrease in blood pressure show that these agents may hold promise
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Figure 3 Examples of deleterious cardiovascular pathways associated with hyperphosphatemia and reactive oxygen species. Adapted from
Servier Medical Art, which is licensed under a Creative Commons Attribution 3.0 Unported License. ROS: Reactive oxygen species; NF-kB: Nuclear factor kappa-B.

in counterbalancing the deleterious effects of ROS and phosphate on multiple fronts.

Another class of SGLT2i, Dapagliflozin, has also been vindicated and shows
propensity to leverage the negative vasoconstrictive effects of phosphate and
hyperglycemia mediated ROS as demonstrated by Li et al[103]. The ability for SGLT2i
to reduce blood pressure was examined via application of dapagliflozin on the aortic
rings of male New Zealand white rabbits. Subsequently, vasodilatory events were
noted due to the activation of voltage-dependent potassium channels. Moreover, it
was shown that SGLT2i had the ability to affect cellular signaling pathways via protein
kinase G, which has been speculated to play a role in the opening of calcium-activated
potassium channels, with a concomitant influx of positive ions into the vasculature,
resulting in cellular hyperpolarization, relaxation, and vasodilation. SGLT2i still had
the propensity to induce vasodilation after the aortic rings were removed of their
endothelium with nifedipine, a calcium channel blocker, or with administration of
nitric oxide inhibitors. Voltage-dependent potassium channels and protein kinase G
inhibitors however resulted in amelioration of vasodilation, suggesting that SGLT2i
may work via signaling pathways to attenuate extraneous negative players in
cardiovascular health.

DECLARE TIMI-58 (Dapagliflozin Effect on CardiovascuLAR Events) is yet another
clinical trial redeeming the cardioprotective profile of SGLT2i in spite of phosphate
mediated increases with pharmacotherapy. This trial recruited 17160 patients with
T2DM[104]. DECLARE TIMI-58 defined their co-primary endpoints as MACE (defined
by CVD, M, or ischemic stroke), with positive results (HR = 0.93; 95%ClI: 0.84-1.03).
Second co-primary endpoints included HF hospitalization or CVD death composites
with results yielding a 18% relative risk reduction (4.9% vs 5.8%; HR = 0.83; 95%CI:
0.73-0.95). Second co-primary endpoints in this study were attributed to a relative risk
reduction of 27% regarding heart failure hospitalizations (HR = 0.73; 95%CI: 0.61-0.88).

While the clinical data supports that an increase in phosphate and potential roles it
has on vascular calcification, ROS modulation, and exacerbation in the patient with
T2DM has no effect and in fact, is shown to improve cardiovascular mortality with
SGLT?2i, multiple questions arise to how. Glucosuria induced by SGLT2i in patients
with T2DM has been shown to reduce the maximal renal glucose transport in addition
to the threshold for glucosuria, resulting in a loss of glucose that would otherwise be
used to help procure deleterious ROS in the inflamed mitochondria. As demonstrated
previously, however, the effects of SGLT2i to taper phosphate effects go beyond
antidiabetic properties, and include rhythm control, cellular signaling pathways,
hemodynamics, and mineral turnover. More work needs to be done to elucidate the
mechanisms of mineral turnover in the nephron given the total variants of SGLT2
proteins in the kidney as well as the pharmacotherapeutic agents, and this work will
help understand contextually the full scope of cardiovascular mortality benefits seen
with this drug and as validated by clinical trial data.
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SGLT2i and other electrolytes: An annotation towards inclusive insight in

pharmacodynamics

While this review focused on the effect of phosphate in relation to its changes with
SGLT2i therapy correlated with cardiovascular mortality, a brief commentary on the
other electrolytes affected by SGLT2i pharmacotherapeutics offers a proclivity to
understand the global influence of these drugs. Moreover, these electrolytes have their
own cardiorenal effects, and a succinct commentary is warranted given that scope.
Therefore, we will include a remark on the current literature using the same standards
regarding a focus on evidence-based medicine indexed to translational biology and
clinical explanations to share the effects that SGLT2i have on such electrolytes.

A meta-analysis that included a query which successfully harvested random clinical
trial (RCT) data of 15309 patients with T2DM taking four SGLTi (canagfliflozin,
dapagliflozin, empagliflozin, and iprafliglozin) offers significant insight on the
administration of SGLT2i and magnesium levels[89]. Meta-regression analyses for
each agent was implemented by the authors of the aforementioned meta-analysis to
evaluate the dose-dependent effects for each SGLT2i given the different classes
involved. Scrutinization of this study showed that SGLT2i therapy have the propensity
to elevate serum magnesium levels 0.08-0.2 mEq/L in T2DM patients compliant with
pharmacotherapy. One limitation of this meta-analysis was that patients with CKD are
not mentioned in this study. Both magnesium metabolism is impacted in this
population group, and there is significant evidence to show a considerable proportion
of SGLT2i-eligible patients with CKD are not prescribed in this population despite
guideline recommendations for their utilization in this population[19]. Nevertheless,
there is some evidence that shows canagliflozin as an agent is beneficial in magnesium
retention in patients who have T2DM and CKD (defined as 30 < eGFR < 50
mL/min/1.73 m?) giving reassurance that these agents may be indicated for the
regulation of cardiorenal pertinent electrolytes[104,105].

It should be noted in the scope of cardiovascular disease; magnesium levels hold
value as supported by another meta-analysis able to aggregate 313,041 patients. Of
these patients, 11995 cardiovascular disease risk stratification[106]. It was determined
that each increase in 0.2 mmol/L of serum magnesium conferred a 30% decreased risk
of CVD acquisition (RR = 0.70; 95%CI: 0.56-0.88 per 0.2 mmol/L step-size in the
physiologic range).

There are many interesting insights to gain from the role of other electrolyte
influences in cardiovascular mortality, especially when compared to phosphate
metabolism and its seemingly deleterious effects that were offset by SGLT2i. Cohort
studies using CKD patients as a model for hyperphosphatemia show those with lower
magnesium levels exhibited increased cardiovascular mortality[107]. Cardiovascular
mortality risk in the setting of hyperphosphatemia has been shown to be blunted in
those who have normal to high serum magnesium levels. These same cohort studies
show evidence that that magnesium, in-vitro, offsets hyperphosphatemia mediated
sequelae conducive to a MACE phenotype, such as the induction of vascular smooth
muscle cell calcification that may affect endothelial cell function. Moreover, higher
serum magnesium levels hampered the progression of CKD in patients with
hyperphosphatemia, highlighting a shared cardiorenal protective nature with SGLT2i.

There are multiple mechanisms by which magnesium may achieve this affect. With
respect to the heart, magnesium has been shown to stimulate ATPase, critical for the
maintenance of the sodium-potassium pump within the ventricular myocardium[108].
Further investigations have shown that deficiencies in magnesium lead to aberrant
potassium and sodium balances, leading to an increased risk of arrhythmia. Moreover,
magnesium serves a role as mitochondrial enzyme cofactors, and its dearth leads to a
deficient mitochondrial metabolic status, leading to increased reactive oxygen species,
a propensity for thrombus formation, and endothelial dysfunction[109]. These antiar-
rhythmic affects may explain have played a role in the reduction of arrhythmias as
marked by stability of QT observed in one study that attempted to elucidate the affects
SGLT2i therapy had on the positive clinical end-outcomes in the EMPA-REG outcome
trial, showing that Empagliflozin helped mitigate abnormal heart rhythms, and was
attributed to be a major cause of mortality and morbidity reduction[110,111].
Magnesium is also noted to be a Gaba, potentiator in the central nervous system, and
its binding has been hypothesized to promote a decrease in blood pressure, decreased
sympathetic tone, and the mitigation of tachyarrhythmias via parasympathetic and
anxiolytic properties[100].

Magnesium wasting is common in patients with T2DM and it is believed that
SGLT2i help normalize magnesium levels through an array of mechanisms. For
example, T2DM is associated with an increase in transporters that promote
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magnesium transport across to the luminal side of the nephron lead in diuresis of
magnesium, and reduction of hyperglycemia is believed to give a reprieve from this
wasting of magnesium[112]. The proposed mechanism are that in-vivo studies have
noted increased magnesium increased magnesium reabsorption at the distal
convoluted tubule within the nephron through an insulin dependent mechanism that
activates increased expression of TRMP6, an ion channel that allows for entry of
luminal magnesium ions into the distal convoluted tubule. Within the tubule, a
sodium-magnesium that is believed to be putative in nature, represents the proclivity
for basolateral transit of magnesium[113]. This process functionally represents the
most terminal opportunity for magnesium reabsorption in the nephron beyond the
loop of Henle[114]. It should be noted that this mechanism is partially sodium
dependent and may involve increased absorption due to the increased tubular
retention of sodium that would have otherwise been excreted in the proximal
convoluted tubule by the sodium-glucose cotransporter without SGLT2i therapy[114,
115]. In insulin resistance, there is a decrease in TRMP6 expression, leading to
decreased tubular magnesium ion flow, and loss of magnesium in urine. This is
consistent with the association of low magnesium levels in patients with T2DM.
Moreover, intra-pancreatic magnesium has been shown to improve insulin sensitivity
by serving as a potentiator of depolarization of pancreatic B-cells responsible for
insulin release[116]. However, deficits in insulin utilization and magnesium
availability may lead to a cycle in which the diabetic status is exacerbated. This
represents an opportunity for SGLT2i therapeutics to normalize insulin-magnesium
dynamics and could be used to explain some components of positive clinical endpoint
response. It should be noted that markedly decreased magnesium levels in lieu of
activating parathyroid hormone when mildly depressed, prevent parathyroid
hormone secretion. The purported mechanism for this phenomenon is that some basal
level of magnesium ions is required for the function of the calcium-sensing receptor
(CaSR) expressed in the parathyroid gland and renal tubules, and is responsible for
regulating calcium by regulating the release of parathyroid hormone (PTH)[117].

This leads to our second ion of consideration in SGLT2i therapy- calcium. Calcium
serves multiple roles as a protein activator or inhibitor, can form pathologic deposits,
or mediate neurologic signaling- all important in cardiovascular health. Within electro-
physiologic considerations, calcium ions are important during the phase 0 upstroke
stage in pacemaker action potentials when voltage-gated calcium channels open, and
due to their relatively lower negative resting potential, fast-voltage gated sodium
channels expressed remain permanently inactivated. This results in a “lag” effect that
the AV node utilizes to prolong potential transmission from the atria to the ventricles
for a unified beat. In the myocardium, calcium plays an important role in the
maintenance of depolarization. As depolarization begins, intracellular potassium
channels open and are released to bring the membrane potential to equilibrium, which
would terminate the depolarization sequence. However, voltage-gated calcium
channels promote the inward flux of calcium ion that activates further calcium release
from the sarcoplasmic reticulum, maintaining a plateau that prolongs myocyte
contraction and adequate myocardial tension to initiate the stroke volumes needed to
maintain perfusion. It is postulated the calcium channel itself in myocardiocytes is
dependent upon calcium for its closing[118]. A hypocalcemic state leads to slower
calcium leakage within the myocardial membrane, meaning a longer time to reach a
concentration to close the L-Type calcium channels, extending the action potential, and
by proxy, initiating QT prolongation[119]. In the previously mentioned study by Blau
et al[50], the 25 research participants who received 300 mg Canagliflozin over placebo
for 5 d revealed no change in the serum concentration and ionized-calcium concen-
tration among the participants over this period. However, calcium excretion defined as
(mmol/d)/(grams of creatinine) as a function of the day on which urine was collected
revealed a statistically significant differential decrease in urinary calcium excretion on
day 4 (1.50 vs 1.78; P = 0.04)[50]. The subsequent day showed a trend, albeit not statist-
ically significant, towards the same trajectory of urine calcium dynamics (day 5, 1.40 vs
1.66; P = 0.09).

Within the biomarkers assessed in the Canagliflozin study, fibroblast growth factor
23 (FGF23) was tracked. FGF23 is known to be provoked by increased phosphate, and
the latter also provokes PTH excretion. Therefore, by proxy, SGLT2i by increasing
phosphate, increase both FGF23 and PTH[120,121]. Within this small study, FGF23
levels peaked roughly 12 h after phosphate reached its maximus, consistent with
physiologic studies of FGF23 expression[122]. FGF23 acts on the proximal tubule,
inhibiting NPT2, a cotransporter of sodium and phosphate (which may further explain
why natriuresis is not the predominant mechanism of urinary loss within SGLT2i
administration after phosphate levels subsequently reach clinically relevant concen-
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trations)[123]. Interestingly, FGF23 suppresses 1-a-hydroxylation of Vitamin D to
activate it , while PTH promotes 1-a-hydroxylation resulting in a mismatch of calcium
reabsorption[121]. The dynamics of this small-scale Canagliflozin study that measured
FGF23, PTH, and 1,25-dihydroxyvitamin D levels on a daily basis implied that early
FGF23 expression resulted in a transient hypocalcemia. The decrease in 1,25-
dihydroxyvitamin D theoretically decreased the gastrointestinal harvest calcium ion,
further stimulating PTH, which has already been induced by SGLT2i mediated
phosphatemia. PTH in this cohort may have resulted in net renal tubular reabsorption
of calcium ion by the relative influence of SGLT2i. The effect of hypercalciuria may
have been a temporary transient effect of osmotic diuresis, as it resolved by day 5. A
study involving higher power may be needed to elucidate the effects of SGLT2i on
calcium metabolism, as FGF23 expression has been noted to promote paracrine
regulation resulting in left ventricular hypertrophy, contraindicative to net positive
CVOT outcomes, while also promoting degenerative vascular changes in the kidney
[124].

It seems however based on data related electrolyte flux, calcium may not be as
significant player in SGLT2i therapy. The only CVOT trial in which bone fractures (a
surrogate for phosphate and calcium metabolism) seemed to exhibit a differential risk
for bone fractures was CANVAS, a Canagliflozin based trial. Total fracture incidence
for bone fracture was more prominent in the canagliflozin group relative to placebo
(15.4 vs 11.9 fractures among participant per 1000 patient-years; HR = 1.26, 95%Cl:
1.04-1.52)[20]. However, this trial when compared to the plethora of dapagliflozin and
empagliflozin CVOT trials employed a larger proportion of T2DM diagnosis, female
gender, and degree of obesity- all factors associated with bone fractures and by proxy,
calcium and phosphate flux relative to other SGLT2i. CREDENCE, another
canagliflozin trial, did not report a differential fracture risk among patients.
Nevertheless, scrutinizing the role of calcium in SGLT2i therapy has important
ramifications when discussing the role they pose in cardiac electrophysiology, wasting
in those with CKD, their ability to act as signal transduction messengers, and other
downstream factors to explain their role in SGLT2i mediated health benefits.

CONCLUSION

Through the use of translational biology, a known side-effect of SGLT2i,
phosphatemia, was able to be shown as diminutive relative to the pleiotropic effects of
these new class of antidiabetic agents. Commentaries such as these show that despite
theoretical contraindications to pharmacotherapy, the full spectrum of drug effects
may outweigh what seems to be harmful, resulting in a net positive clinical profile.
Yet, more work needs to be done on elucidating the pathways by which SGLT2i act
peripherally beyond the nephron. There is a slew of research implicating cytokine
modulation, gene expression, and inflammasome activation in avenues not previously
discovered that may give new insight into how these agents have propelled their way
to shifting from antidiabetic agents to pharmacotherapeutic options with
cardiovascular benefits.
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