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Abstract: Drug-induced myopathy is a well-described
clinical entity characterized by muscle damage leading
to symptoms ranging from myalgias to rhabdomyoly-
sis and acute kidney injury. Many pharmacotherapies
are known to precipitate myopathic symptoms. Recent
case reports suggest a potential relationship between
the use of sodium/glucose cotransport 2 (SGLT2)
inhibitors and onset of myopathy. The pathogenesis of
this has yet to be elucidated. The relevance of this asso-
ciation is augmented by the recent popularity of
SGLT2 inhibitors as well as the tendency for them to
be prescribed alongside statins. This study reviewed
the literature on the incidence and mechanism of
drug-induced myopathy in patients with type 2 diabe-
tes mellitus who are taking SGLT2 inhibitors with and
without the use of statins. (Curr Probl Cardiol
2021;46:100765.)

Drug Induced Myopathy

he spectrum of drug-induced myopathy can range from mild
muscle pain without weakness to full-blown rhabdomyolysis
leading to acute kidney injury.'” Various mechanisms have
been implicated in drug-induced myopathies.”* The most common mech-

anism is direct muscle damage either by vacuolar or mitochondrial injury.
Statins have extensive data to support this direct muscle damage leading

Disclosures: The authors have no conflicts of interest to disclose.
Curr Probl Cardiol 2021;46:100765

0146-2806/$ — see front matter
https://doi.org/10.1016/j.cpcardiol.2020.100765

Curr Probl Cardiol, April 2021 1


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cpcardiol.2020.100765&domain=pdf
https://doi.org/10.1016/j.cpcardiol.2020.100765

to myopathy along with glucocorticoids, zidovudine, and colchicine just
to name a few. Other mechanisms include immune-mediated inflamma-
tory damage for which D-Penicillamine is a classic example. Lastly, indi-
rect muscle damage caused by drugs due to secondary effects from their
action can occur, such as for diuretics by causing electrolyte abnormali-
ties and for phenothiazines leading to dystonic state, hyperthermia, and
neuroleptic malignant syndrome.

Statin-Associated-Muscle-Symptoms and Muscle Injury

Statins, which are primarily used as lipid-lowering agents for coronary
artery disease and hyperlipidemias, are generally considered safe. Clini-
cians and researchers need to understand the spectrum of Statin-Associ-
ated-Muscle-Symptoms (SAMS) and muscle injury as statins are
extensively used in clinical practice (Table 1).” Common presentations
include myalgias that can be multifactorial and are usually not associated
with weakness or elevated creatine kinase (CK). The next in order of
severity on the spectrum is myopathy, which causes muscle weakness
that may or may not cause elevated CK, however, is associated with posi-
tive histopathological findings of inflammation and atrophy. Myositis is
next, which on histopathology would reveal macrophages along with T
and B cell infiltration into the affected muscle. Myonecrosis leads to CK
elevations (3-fold for mild, 10-fold for moderate, and 50-fold for severe)

TABLE 1. Statin associated muscle symptoms

Spectrum Clinical features Histopathological findings
1) Myalgia ® Muscle discomfort with normal None.
CK Levels.
® Aches and soreness.
® Tenderness and cramps.
2) Myopathy ® Weakness in the affected Inflammation and atrophy may be
muscle. seen.
e CK may or may not be elevated.
3) Myositis ® Pain and tenderness. Macrophages and inflammatory T

4) Myonecrosis

5) Rhabdomyolysis

® Redness and swelling.

® Elevated temperature.

® Elevated CK levels.

e Mild: >3 times of Upper limit of
normal (ULN).

e Moderate: >10 times ULN.

e Severe >50 times ULN.

® Features of myonecrosis and
elevation of serum creatinine
>0.5 mg/dL from baseline.

and B cells may be seen.

Inflammatory T and B cells along
with macrophages usually seen.

Severe inflammation and dead
tissue.
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and histopathological findings similar to myositis, which is followed by
the most severe injury of rhabdomyolysis (that includes myoglobinuria
and serum creatinine increase >0.5 from baseline). Rhabdomyolysis and
severe myonecrosis are rare in statin users, about 0.1%.°

The precise mechanism by which statin causes SAMS and muscle
injury is poorly understood; however, much progress has been made to
understand the pathogenesis, including genetic studies,”’ which are dis-
cussed below.

Various genes such as CYP2D6, CYP3A4, CYP3AS causing variation
of cytochrome P450 expression and vitamin D receptor, have been impli-
cated in SAMS. The mechanism of action, transport, and metabolism of
statins are impacted by these genes (Table 2). The SLCO1B1 rs4149056
gene variants affect the uptake of statins in the liver. Due to the loss of
function variant rs4149056, some statins particularly simvastatin, more
than atorvastatin achieve higher than usual levels in the plasma and at the
level of muscle causing SAMS. Another mechanism of SAMS includes
autoimmune myopathy caused by autoantibodies developed against
hydroxymethylglutaryl-CoA reductase, leading to full spectrum of
SAMS from myalgias to severe myonecrosis.

Another aspect of statins is their effect on synthesizing an important
muscle cell energy production enzyme called Coenzyme Q10, also called
ubiquinone or CoQ10. Prior studies have produced mixed results on
whether statin reduced the levels of CoQ10 in plasma and at the level of

TABLE 2. Mechanism of statins inducing SAMS

Pathways Actions
1) Gene studies: e Affects statin transport, metabolism and its
® Cytochrome P450 genes, CYP3A4, action
CYP3A5, CYP2D6 and vitamin D
receptor Gene
2) GENOME WIDE STUDIES: e SLCO1B1 affects hepatic uptake of statins.
¢ SLCO1B1 ® rs 4149056 associated with higher plasma
® 15 4149056 levels of statins
3) Human leucocyte antigen pathway e Autoimmune myopathy resulting from
autoantibodies to HMG-CoA-reductase
4) Coenzyme Q10 (ubiquinone) pathway ® Reduction in ubiquinone(CoQ10) levels in
skeletal muscle and possibly plasma
5) Fatty acid oxidation pathway ® |ncrease fatty acid oxidation by lovastatin

® Statins causing increased expression of
mitochondrial carnitine acylcarnitine
translocase leading to altered FAO
6) Atrogin-1 (Ubiquitin protein ligase) e Statins causing increased expression of
pathway Atrogin-1 (needs further evidence)
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skeletal muscles. Some studies suggested decreased levels of ubiquinone
in plasma whereas one prior study suggested otherwise.” ' Coql0 (Ubi-
quinone) levels in skeletal muscles also have mixed results from various
studies, while one study did indicated reduced levels in both plasma and
the skeletal muscles.'>"”

Other mechanisms include the implication of intrinsic fatty acid oxida-
tion (FAO) abnormality suggested by increased FAO response to lova-
statin demonstrated by some statin intolerant patients along with
mitochondrial carnitine acylcarnitine translocase increased expression by
statins contributing to altered FAO.'"' Another study found increased
expression of muscle-specific enzyme atrogin-1 (ubiquitin-protein ligase)
in several in vitro models of humans with statin myopathy and suggesting
another pathway contributing to SAMS but needs further evidence for
confirmation.'®

Diabetes, SGLT2 Inhibitors, and Muscle Disease

Sodium/glucose co-transporter 2 (SGLT2) inhibitors are a class of oral
agents used to treat diabetes mellitus. The mechanism of action involves
the inhibition of glucose reabsorption in the proximal convoluted tubule
of the kidneys, the site of approximately 90% of filtered glucose reab-
sorption.'"'® The resulting glucosuria produces an insulin-independent
reduction in serum glucose concentrations. Furthermore, their use in type
2 diabetes mellitus (T2DM) has been associated with favorable decreases
in blood pressure and weight, and baseline HbA lc level.'”-*"

In recent years, their utility has extended beyond glycemic control in
T2DM due to clinical trials elucidating their unforeseen benefits across
various disciplines. Their use in patients with heart failure with reduced
ejection fracture (HFrEF) with or without T2DM has been associated
with a significant reduction in cardiovascular mortality, hospitalizations
for worsening heart failure, and major adverse cardiovascular events.”'
Their use has also demonstrated protective effects in diabetic nephropa-
thy, including delaying renal dysfunction, reducing the risk of end-stage
renal disease, and reducing renal-associated mortality.”"”° Based on
these findings, SGLT?2 inhibitors are emphasized as a second-line phar-
macotherapy in patients with T2DM and established atherosclerotic heart
disease, heart failure, or chronic kidney disease.”’ They are currently
being studied for their observed efficacy in nondiabetic kidney disease,
type 1 diabetes mellitus, nonalcoholic steatohepatitis, diseases associated
with hyponatremia, obesity, and polycystic ovarian syndrome.”'-**~’
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While SGLT2 inhibitors have emerged as a therapeutic wonder in
recent years, some severe adverse reactions have been documented with
their use. Their glucosuric properties have consistently been associated
with an increased risk of urogenital infections, volume-depletion, and
acute kidney injury. The poorly elucidated systemic role of SGLT?2 has
also given rise to unforeseen adverse effects such as euglycemic diabetic
ketoacidosis, skin and subcutaneous tissue infections including Fournier’s
gangrene, bone fractures, and lower limb amputations.”' %!

Recently, limited data have emerged suggesting a potential association
between chronic SGLT2 inhibitor usage and accelerated sarcopenia. Sar-
copenia is the generalized loss of skeletal muscle mass and function that
is commonly seen with advanced age. Its presence is associated with
adverse health outcomes, including physical disability, poor quality of
life, and mortality. While not directly measurable, assessments of muscle
mass, grip strength, and gait speed are commonly used as surrogates to
diagnose and quantify sarcopenia.”” The pathophysiology of sarcopenia
is believed to involve the molecular interplay mediating skeletal muscle
catabolism and anabolism favoring that of protein degradation and skele-
tal muscle loss.”*** While it is commonly considered an age-associated
condition, many factors have been identified to increase the risk of devel-
oping sarcopenia, including genetics, inflammation, nutritional deficien-
cies, low body mass index, insufficient physical activity, and chronic
diseases.”” "

Sarcopenia is particularly prevalent in elderly patients with T2DM.
Studies have reported a 3-fold higher risk of sarcopenia in patients with
T2DM compared to those without T2DM.*****° Within the diabetic pop-
ulation, an independent association between poor glycemic control and
sarcopenia has also been established.””*** The pathophysiology of this is
multifactorial and involves impaired intramuscular glucose metabolism
secondary to insulin-resistance. The inability to respond to insulin results
in impaired muscle function due to decreased glucose uptake and utiliza-
tion. On a molecular level, the lack of insulin and insulin-like growth fac-
tor 1 produces downregulation of the Akt-mTOR pathway largely
responsible for protein synthesis and muscle anabolism. Furthermore, the
accumulation of cytokines released by chronic inflammation and
advanced glycation end-products enhance muscle catabolism, lipolysis,
and nitrogen wasting.""’

There is some evidence accumulating that SGLT2 inhibitors may
induce or accelerate T2DM-associated sarcopenia, possibly due to their
insulin-independent euglycemia effect. The resultant decrease in insulin-
mediated utilization of glucose and amino acids in muscle and increased
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glucagon-mediated proteolysis is thought to precipitate an overall cata-
bolic effect.”’>* However, other studies have found no association or a
protective effect between SGLT2 inhibitor usage and T2DM-associated
sarcopenia.”* ™ The results of these findings are summarized in Table 3.
Presently, there is inconclusive evidence to determine the effects of
SGLT?2 inhibitor usage on sarcopenia, and further human studies are
needed to explore this association.

A similar disease entity to sarcopenia is drug-induced myopathy, charac-
terized by the acute or subacute onset of myopathic features including myal-
gias, fatigue, weakness, or myoglobinuria. The presentation may vary in
severity, ranging from an asymptomatic CK elevation to rhabdomyolysis and
chronic renal failure. Many pharmacotherapeutic agents are known to cause
drug-induced myopathy through a variety of mechanisms including direct
myotoxicity, the alteration of muscle antigens and subsequent generation of
an autoimmune or autoinflammatory response, or by a disruption of the elec-
trolyte or nutritional balance. Early recognition is crucial as the symptoms of
drug-induced myopathy classically resolve following discontinuation of the
offending agent. However, they may persist in a subset of cases.””

Until recently, the association between SGLT?2 inhibitors and clinical
myopathy had not been documented. A 2017 case report by Kabadi et al
described weakness, proximal muscle wasting, fatigue, polyuria, noctu-
ria, polydipsia, and an elevated CK that began within 2 weeks after initia-
tion of empagliflozin. Most of the symptoms resolved within 2 weeks of
discontinuing the drug, but the patient’s strength and muscle mass per-
sisted throughout the entire 12 months follow-up period.®’ The associa-
tion was not described in the literature again until April 2020, when Gao
et al documented a patient with fatigue, myalgias, weakness, muscle
wasting, and an elevated CK shortly after beginning treatment with empa-
gliflozin. The patient continued taking the medication for 1 year with the
persistence of symptoms. A biochemical workup failed to reveal the etiol-
ogy of the myopathy, and magnetic resonance imaging demonstrated
findings consistent with myositis. Within weeks of discontinuing the
drug, the symptoms resolved, and a repeat magnetic resonance imaging
showed complete resolution of previous changes.®”

Most recently, a third case report by Brailovski et al described a case
of profound proximal muscle weakness, myalgias, and fatigue with labo-
ratory evidence of rhabdomyolysis 3 days after beginning treatment with
canagliflozin. As in previous cases, a biochemical workup failed to reveal
an etiology of the myopathy. Of note, the patient had previously been tak-
ing rosuvastatin, a known culprit of causing myopathy, for over 5 years
without complications. On admission, the patient’s plasma levels of
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TABLE 3. Summary of studies regarding SGLT2 inhibitor use and sarcopenia

Study Study type SGLT2 inhibitor Findings

Bolinder et al (2013) Randomized Dapagliflozin The use of dapagliflozin over a 102-week period was associated with a reduction in
control trial body fat mass but no significant difference in lean tissue mass when compared to
(n=182) placebo.

Yabe et al (2015) Meta- N/A The decrease in serum insulin and increased glucagon levels caused by SGLT2
Analysis inhibitor use may enhance proteinolysis and impair muscle utilization of glucose

and amino acids, inducing or accelerating T2DM-associated sarcopenia.

Sano et al (2016) Observational Ipragliflozin 10 weeks of SGLT2 inhibitor treatment was associated with a statistically

(n=112) Luseogliflozin significant increase in hand grip strength compared to baseline.
Dapagliflozin

Sugizaki et al (2017) Randomized TA-1887 Lean body mass did not decrease in diabetic mice given the SGLT2 inhibitor TA-
control trial 1887 and was protective against cachexia.
(n=100)

Tsurutani et al (2018) Randomized Ipragliflozin After 12 weeks of receiving ipragliflozin versus sitagliptin, ipragliflozin was
control trial associated with a statistically significant decrease in skeletal muscle mass index.
(n=124)

Sugiyama et al (2018) Randomized Dapagliflozin Six months of treatment with dapagliflozin significantly reduced body weight and fat
control trial mass but did not produce any change in skeletal muscle mass when compared to
(n=50) other antihyperglycemic medications.

Inoue et al (2018) Randomized Ipragliflozin After 24 weeks of receiving ipragliflozin, participants had a statistically significant
control trial decrease in muscle mass in the arms when compared to the control group (no
(n=49) treatment). There was no overall difference between total muscle mass.

Inoue et al (2018) Observational Canagliflozin After 12 months of receiving canagliflozin, participants had a significant reduction in
(n=20) body and fat mass, with an insignificant reduction in lean muscle mass.

Yasuda et al (2019) Case report Dapagliflozin An elderly diabetic patient was diagnosed with sarcopenia after 1 year of
(n=1) Dapagliflozin-use.

Schork et al (2019) Observational Empagliflozin After 6 months of SGLT2 inhibitor use, participants had a significant reduction in
(n=27) Dapagliflozin adipose tissue mass without any changes in lean tissue parameters.




rosuvastatin were 176 ng/mL, a more than 15-fold increase in the mean
concentration expected in patients taking the same dose.®* Upon discon-
tinuing both the rosuvastatin and the canagliflozin, the patient experi-
enced a prompt improvement in her symptoms.®

While it is possible that the clinical myopathy described with SGLT2
inhibitor usage lies on a spectrum with that of sarcopenia or remains an
idiosyncratic phenomenon, one possible mechanism involves the potenti-
ation of statin-induced myotoxicity. Statin use is exceedingly common in
the diabetic population, and, of note, the patients described by Kabadi
and Gao et al had both been taking atorvastatin for several years without
complication. The temporal relationship between the SGLT2 inhibitor
usage and symptom onset led investigators to discount the statin use as
the etiology, and statin drug levels were not measured in these cases.
While neither empagliflozin nor canaglifiozin are known to influence
metabolism by the hepatic cytochrome P450 system appreciably, they are
known substrates for drug transporters involved in statin absorption, dis-
tribution, and elimination.®”®” While further studies are needed to deter-
mine the relationship between SGLT2 inhibitors and drug-induced
myopathy, it is a crucial entity that everyday clinicians should remain
mindful of with increased utilization of these agents.
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