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On 15 May 2015, the U.S. Food and Drug Administration (FDA)
warned that administration of sodium– glucose cotransporter-2
(SGLT2) inhibitors could lead to ketoacidosis in patients with diabetes mellitus. This announcement came more than 2 years after the FDA's ﬁrst approval of an SGLT2 inhibitor, although the
phenomenon had been known for more than 125 years. Luminaries of diabetes research (including Josef von Mering, Frederick Allen, I. Arthur Mirsky, and George Cahill) had described
ketosis and ketoacidosis induced by administration of the phytochemical phlorizin, the prototypical SGLT inhibitor, as well as in

patients with familial renal glucosuria, a condition that is considered a natural model of SGLT2 inhibition. Neither government
regulators nor manufacturers of SGLT2 inhibitors evinced an
awareness of this extensive historical record. The absence of historical inquiry delayed notice of ketoacidosis as an adverse reaction, which could have reduced the burden of illness from these
drugs.

O

PHLORIZIN: THE BASIS OF A PRECEDENT

n 15 May 2015, the U.S. Food and Drug Administration (FDA) warned in a Drug Safety Communication that sodium– glucose cotransporter-2 (SGLT2) inhibitors may lead to ketoacidosis in patients with type 2
diabetes mellitus (1). This discovery should not have
been a surprise. For more than 125 years, investigators
had described ketosis and ketoacidosis induced by the
phytochemical phlorizin, the prototypical SGLT inhibitor, as well as in patients with familial renal glucosuria
(FRG), a condition that is considered a natural model of
SGLT2 inhibition. The story of SGLT2 inhibitor ketoacidosis offers a cautionary tale about how historical inquiry can provide valuable insights and accelerate recognition of risks associated with new drugs.

IN PURSUIT OF HISTORY
Our exploration of the history of SGLT2 inhibitor
ketoacidosis began in early 2014 when one of us
(B.R.L.) learned, during employment in the pharmaceutical industry, about the accrual of spontaneous postmarketing reports of ketoacidosis submitted by health
care professionals to the manufacturer of canagliﬂozin.
Subsequently, a Freedom of Information Act request
for FDA Adverse Event Reporting System (FAERS) data
revealed that the FDA's receipt of these same reports
began on 8 May 2013 (2). Seeking a precedent for this
phenomenon, we did Boolean searches in PubMed
and Google Scholar using the key words phlorizin (and
its variant spellings), renal glucosuria or glycosuria, ketoacidosis, ketones, ketosis, and acidosis. We iteratively
mined the bibliographies of articles and books retrieved by these searches for additional primary
sources. Google Translate and native speakers provided translations of non–English-language publications. Two of us (B.R.L. and S.I.T.) had also worked in
industry on the development of dapagliﬂozin, although
we had not been aware of the extent of this literature
until conducting the searches prompted by these postmarketing reports.
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We focused our search on phlorizin because it is
the progenitor of contemporary SGLT2 inhibitors. Initially isolated from the bark of apple trees as a treatment of malarial fever (3), phlorizin increases urinary
elimination of glucose through competitive inhibition
of SGLT2, the principal transporter for renal glucose
reabsorption, and of SGLT1, a lesser glucose transporter in the kidney (4). Reductions in blood glucose
after single doses of phlorizin in patients with diabetes
(5), as well as favorable effects of phlorizin on glucose
metabolism in partially pancreatectomized rats (6),
foretold the promise of SGLT2 inhibitors in treatment of
type 2 diabetes mellitus.
In 1999, pharmaceutical chemists described one of
the ﬁrst orally bioavailable derivatives of phlorizin (7), a
prodrug known as T-1095. The authors cited a 1945
review that described acidosis and increased “acetone
bodies” with phlorizin administration (8), although they
did not discuss its implications. The manufacturer of
T-1095 did not commercially develop this product.
Other chemists took a different biochemical approach in developing the SGLT2 inhibitors that are currently marketed. Phlorizin consists of a glucose molecule linked to an “aglycone” called phloretin. The
O-glycosidic bond that joins them is subject to hydrolysis by endogenous enzymes. This results in reduced
oral bioavailability and a relatively short half-life. To
avert this problem, chemists eliminated the linking oxygen atom to yield a C-glycoside structure (9). They
also modiﬁed both the glucose moiety and the aglycone to accomplish several objectives: increased selectivity for SGLT2 relative to SGLT1, increased potency for
SGLT2, optimization of pharmacologic and pharmaceutical properties, and creation of intellectual property to
protect marketing exclusivity. Notwithstanding these
modiﬁcations, the structures of all marketed SGLT2 in-
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hibitors closely resemble that of phlorizin. Although
phlorizin is sometimes called a “nonselective SGLT inhibitor,” it has 9-fold selectivity for inhibition of SGLT2
relative to SGLT1 (10). This is similar to the 20-fold selectivity of sotagliﬂozin, albeit less than that of other
available SGLT2 inhibitors (11). Moderate doses of phlorizin and dapagliﬂozin have similar effects on glucose excretion (12, 13). Taken together, these considerations
provide a strong scientiﬁc basis for concluding that experience with phlorizin could offer insights into the pharmacologic responses to modern SGLT2 inhibitors.

FROM PHLORIZIN DIABETES TO KETOACIDOSIS
By the time pharmaceutical chemists modiﬁed
phlorizin's basic structure to create contemporary
SGLT2 inhibitors, its ketogenic properties had long
been known. At the end of the 19th century, the German physician Josef von Mering (1849 –1908) recognized that phlorizin produced glucosuria. This discovery may have occurred while he was testing phlorizin
during his studies of antipyretics, which would later
lead to the discovery of acetaminophen (14). In a presentation to the German Congresses for Internal Medicine in 1886, von Mering called this phenomenon
“phloridzin diabetes” (15). He ended a second presentation on this topic in 1887 with the observation, “In the
case of phloridzin diabetes I have repeatedly been able
to detect abundant amounts of acetone and oxybutyric
[␤-hydroxybutyric] acid in urine” (16).
Two years later, von Mering reported that normal
dogs given phlorizin during prolonged fasting or with a
carbohydrate-poor diet became listless and comatose or
died. At necropsy, their livers were depleted of glycogen.
In addition to glucose, their urine contained large
amounts of ammonia, acetone, and ␤-hydroxybutyric
acid, ﬁndings that resemble those in patients in diabetic
coma (17). These observations were remarkable because
dogs are comparatively resistant to starvation ketosis (18).
Von Mering also induced ketosis in a man by giving him
10 g of phlorizin by mouth in the early morning, after
which his urine contained glucose and “abundant
amounts of acetone” (17). Other investigators conﬁrmed
von Mering's ﬁndings (19, 20). Von Mering is renowned in
the ﬁeld of diabetes research for his later collaboration
with Oskar Minkowski in which they produced diabetes
mellitus in a dog by removal of the pancreas (21).
Reports of ketosis induced by phlorizin appeared
in the English-language literature in 1914. In a short
communication, Stanley Benedict (1884 –1936), inventor of Benedict reagent for detection of glucose, noted
the ability of protein ingestion to diminish ketosis induced by phlorizin (22). In 1923 at the Rockefeller Institute for Medical Research in New York, Frederick Allen
(1879 –1964) published the results of extensive studies
of acidosis in phlorizin-treated dogs (23). At the time of
these experiments, before the commercial availability
of insulin, Allen was the leading proponent of starvation diets in management of type 1 diabetes (24). He
described ketonemia, ketonuria, and reductions in
plasma bicarbonate concentration (carbon dioxide
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combining capacity) in phlorizinized dogs that had undergone fasting, diets poor in carbohydrates and high
in fat, or partial pancreatectomy. Most dogs became
weak and lethargic, and many died. Some exhibited
the deep breathing characteristic of ketoacidosis. Acidosis resolved with glucose administration and was difﬁcult to induce when the glycosuric response to phlorizin was diminished, as in a dog with chronic kidney
disease. Other investigators conﬁrmed the reduction in
blood bicarbonate levels, and they further documented
a reduction in blood pH (25, 26).
In 1942, I. Arthur Mirsky (1907–1974), a psychoanalyst
with an abiding interest in metabolic research, applied
phlorizin to a canine model of type 1 diabetes mellitus.
Mirsky noted that although the depancreatized dog developed diabetes, it did not develop levels of ketonemia seen in ketoacidotic diabetic humans, even after
starvation and withdrawal of exogenous insulin. He observed, however, that “severe diabetic acidosis and
coma can be produced in the depancreatized dog by
withdrawal of insulin and food plus the administration
of a single dose of phlorizin” (27). In the absence of
insulin in pancreatectomized dogs, ketogenesis was inhibited by administration of glucose in an amount sufﬁcient to restore hepatic glycogen (28). Mirsky concluded that ketogenesis was enhanced by phlorizin
when administered to patients with diminished reserves of hepatic glycogen. He presented his observations on the ketogenic effect of phlorizin at a meeting
of the Association for the Study of Internal Secretions,
the forerunner of the Endocrine Society, in New York in
1940 (29). He did so again at the ﬁrst annual meeting of
the American Diabetes Association in Cleveland on 1
June 1941. In his address to the American Diabetes
Association, Mirsky described “administering phlorizin
to a diabetic patient suffering from a non-speciﬁc infection. The glycosuria that ensues causes a decrease in
liver glycogen and ketosis follows” (30). Thus, the capacity of infection to precipitate ketoacidosis in diabetic patients may be potentiated by concomitant
SGLT inhibition. For his lifetime of work in diabetes research, Mirsky received the Banting Medal for Scientiﬁc
Achievement from the American Diabetes Association
in 1965.
Numerous publications throughout the past century reported phlorizin-induced hyperketonemia in various animals. Phlorizin caused marked increases in
blood ketone levels in starved rabbits and cats (31).
Rats given phlorizin while fasting had acetonemia up to
10 times greater than that in fasting controls; however,
phlorizin did not produce additional ketonemia in nephrectomized animals, showing the importance of glucosuria (rather than extrarenal actions) in stimulating
ketogenesis (32). Arterial concentrations of acetoacetate and 3-hydroxybutyrate (␤-hydroxybutyrate) in fasting rats treated with phlorizin were similar to those
seen in diabetic ketoacidosis induced by streptozotocin
(33). In the insulinopenic model of alloxan diabetes in
the dog, phlorizin administration caused blood pH to
decrease to 7.17 (34). Veterinary scientists used phlorizin to induce ketosis in sheep and cattle (35, 36);
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these investigators sought insight into gestational and
lactational ketosis (debilitating conditions of ruminants), which threatened the dairy industry (37). Phlorizin administration stimulated gluconeogenesis and decreased the circulating insulin– glucagon ratio, thus
enhancing the hepatic capacity for ketogenesis while increasing the availability of nonesteriﬁed fatty acids, the
precursors of ketone bodies (38, 39). These effects were
similar to those later described with SGLT2 inhibitors (40,
41).

RENAL GLUCOSURIA: THE RISK FOR KETOSIS
Familial renal glucosuria is an “experiment of nature” in which mutations in the gene for SGLT2 give rise
to varying degrees of impaired reabsorption of renal
glucose. The generally benign phenotype of patients
with FRG reﬂects the safety of long-term pharmacologic
inhibition of SGLT2. However, George Cahill (1927–
2012), former research director of the Joslin Diabetes
Center in Boston, appreciated the risk for accelerated
ketosis during fasting in persons with genetic renal glucosuria (42). In 1930, Allan and Vanzant wrote of their
experience with surgical patients: “In cases of renal glycosuria with excretion of a large amount of sugar (50
gm or more each day) severe acidosis may develop if
the diet is restricted” (43).
In another report, a low-carbohydrate diet produced
ketonuria and a reduced plasma bicarbonate level in a
patient with renal glucosuria. With carbohydrate refeeding, the bicarbonate level increased to within the normal
range (44). As early as 1918, physicians recognized that
dietary carbohydrate restriction—which caused malaise,
listlessness, and weakness, along with strongly positive
test results for urinary ketones—proved harmful for patients with FRG (45, 46). A popular review of phlorizin includes a reference to “ketosis during pregnancy or starvation” in FRG (47). Thus, knowledge of the historical
literature on renal glucosuria could also have alerted physicians and scientists to the role of SGLT2 inhibition in
producing clinically signiﬁcant ketosis.

THE HISTORICAL LESSONS NOT LEARNED
In reviewing the meeting materials of the FDA's Endocrinologic and Metabolic Drugs Advisory Committee
(48, 49) and the FDA drug approval packages for canagliﬂozin, dapagliﬂozin, and empagliﬂozin (50 –52), we
found no indication that manufacturers or regulators
knew of the literature describing ketosis and ketoacidosis associated with phlorizin or FRG. In a slide presentation, the manufacturer of dapagliﬂozin cited von Mering's discovery of phlorizin glucosuria, but not his
subsequent observations of ketosis (53). Preapproval
reviewers noted increases in urinary ketone excretion in
rodent toxicology studies of empagliﬂozin (54) and a
doubling of serious adverse events of diabetic ketoacidosis among recipients of canagliﬂozin in clinical trials (55). Neither the manufacturers nor the FDA, however, acknowledged the possibility of a causal role for
SGLT2 inhibition. Even as the FDA later prepared to
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issue a warning about ketoacidosis and mandate
changes in the labeling of SGLT2 inhibitors, internal
summary documents did not mention either phlorizin
or FRG (56, 57).
Apparent unawareness of historical antecedents
meant that manufacturers and regulators did not appreciate the implications of the hyperketonemia observed in preclinical studies and phase 2 clinical trials
(58 – 61). In 1 study of 380 patients randomly assigned
to receive canagliﬂozin in dosages of 100 to 200 mg/d,
the concentration of circulating total ketone bodies increased to more than 3000 μmol/L in 22 patients and to
more than 5000 μmol/L in 6 (62). These values fulﬁll
one of the diagnostic criteria for diabetic ketoacidosis
(63). Investigators claimed that these increases had “no
apparent explanations” (62) and did not recognize that
they represented a notable risk associated with canagliﬂozin.
To be sure, manufacturers followed classic clinical
trial protocols for testing SGLT2 inhibitors. Participants
adhered to standard diabetic diets; investigators supervised the use of concomitant medications, including insulin; and, on the basis of our own experiences monitoring clinical trials, we assume that physicians typically
withdrew investigational drugs when participants had
signiﬁcant infections or surgery. This meant, however,
that these trials avoided study drug administration during fasting, use of diets low in carbohydrates and high
in fat, surgical stress, infection, and insulin insufﬁciency—situations in which phlorizin or FRG had been
shown to promote ketosis or ketoacidosis. The result
was a low incidence of ketoacidosis reported in registrational studies. A review of randomized clinical trials in
the canagliﬂozin development program showed that
dose-related incidence rates of serious adverse events of
diabetic ketoacidosis and related events were 0.522 to
0.763 cases per 1000 patient-years among participants
receiving canagliﬂozin versus 0.238 cases per 1000
patient-years in those treated with comparators (64).
These small numbers did not highlight the risk to patients
receiving the drug in settings other than controlled clinical trials.
In an approach that differed from those used in the
published research of Western pharmaceutical companies, investigators in Japan measured increases in
blood ketone bodies in response to SGLT2 inhibitors in
human participants (60 – 62). In 2013, Japanese regulatory authorities reviewing ipragliﬂozin, the ﬁrst SGLT2
inhibitor to gain their approval, expressed “concern
that ipragliﬂozin may . . . induce acute diabetic complications associated with an increase in ketone bodies in
patients with type 2 diabetes mellitus with decreased
insulin secretion” (65). They considered an “increase in
ketone bodies” to be an important potential risk of
SGLT2 inhibitors, including dapagliﬂozin (66). They ordered that “precautionary statements will be included
in the package insert in order to prevent . . . diabetic
ketoacidosis” and prescribed additional, postmarketing
surveillance of this risk (65, 66). Whether knowledge of
the history of phlorizin or FRG also informed their decisions is not known.
Annals of Internal Medicine • Vol. 171 No. 6 • 17 September 2019 423
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Once the reporting of ketoacidosis as an adverse
reaction to SGLT2 inhibitors surfaced, investigators did
population-based studies to estimate its incidence. In a
study of an insurance claims database, the crude incidence rate of diabetic ketoacidosis among new users
of SGLT2 inhibitors with type 2 diabetes mellitus was
1.69 cases per 1000 patient-years (67). In a study based
on audits of medical records, the incidence of diabetic
ketoacidosis developing in the community or during a
hospital admission was 1.02 cases per 1000 patientyears among users of SGLT2 inhibitors (68). Clinicians
who adhere to conventional diagnostic criteria for diabetic ketoacidosis, which include severe hyperglycemia
(69), might not diagnose ketoacidosis or apply this label to cases of euglycemic acidosis in patients treated
with SGLT2 inhibitors (70). Thus, these publications
may underestimate the overall incidence of ketoacidosis in patients receiving these medications. It is difﬁcult
to compare incidence rates across studies, but these
population-based rates are nevertheless higher than
rates reported for participants in clinical trials (64, 71,
72). This difference likely results from the effects of
SGLT2 inhibition in patients whose diets, use of insulin,
and concomitant clinical conditions differ markedly
from those of clinical trial participants.
It took less than 6 weeks from the approval of the
ﬁrst SGLT2 inhibitor in the United States— canagliﬂozin
on 29 March 2013—for FAERS to receive its ﬁrst spontaneous postmarketing report of ketoacidosis. In the
more than 2 years between the approval of canagliﬂozin and the FDA's initial Drug Safety Communication,
FAERS received more than 150 reports of unique patients who were diagnosed with ketoacidosis or acidosis of unspeciﬁed cause after receipt of an SGLT2 inhibitor, including canagliﬂozin and the subsequently
approved drugs dapagliﬂozin and empagliﬂozin. Most
of the patients were hospitalized, and some episodes
were deemed life-threatening (73). Spontaneous reports of adverse drug reactions made voluntarily by
health care providers or patients to manufacturers and
regulatory authorities are generally regarded as the “tip
of the iceberg” of many more patients with these conditions. When the FDA issued its warning in May 2015,
the announcement stated that its decision rested on an
analysis of 20 cases. By not citing the historical literature, it failed to document the precedent for the association between pharmacologic inhibition or genetic
deﬁciency of SGLT2 and ketoacidosis, which would
have substantiated its inference of a causal role for
SGLT2 inhibitors.
The story of SGLT2 inhibitor ketoacidosis illustrates
how the drug approval process should incorporate historical inquiry. The history of ketoacidosis due to phlorizin or FRG could have been discovered at many
points during the evolution of these drugs. The ﬁrst
opportunity arose during early development. Had scientists uncovered the literature pertaining to the ketosis of SGLT2 inhibition, they could have noted it as part
of the investigational new drug applications and pursued additional laboratory or clinical investigation. The
next opportunity came during submission of the new
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drug application. A literature review is generally a standard part of scientiﬁc and academic research. We could
ﬁnd no evidence that the manufacturers or the FDA did
a comprehensive review that revealed the association
between phlorizin or FRG and ketosis (48 –52, 56, 57).
Additional opportunities for historical inquiry came
in the postmarketing phase. Manufacturers who must
submit a Periodic Beneﬁt-Risk Evaluation Report or similar documents to regulatory authorities could have
looked to history in investigating whether their drug
had a causal relationship with reported adverse events.
Researchers seeking to understand an adverse drug reaction without an obvious mechanism should focus attention on historical precedent. Advances in artiﬁcial
intelligence have enabled use of computerized algorithms for such inquiries (74). In addition, regulatory authorities who monitor databases of postmarketing adverse event reports, including FAERS and the World
Health Organization's VigiBase, should conduct or
sponsor further investigation into the causes of adverse
reactions to newly marketed drugs, including evaluating the historical literature.
Had scientists, manufacturers, investigators, or regulators been aware of the historical literature pertaining
to ketosis and ketoacidosis with phlorizin and FRG, they
might have initiated a more timely warning that could
have spared many patients serious illness and obviated
the lawsuits that followed. Instead, it took more than 2
years to announce the association between SGLT2 inhibitors and ketoacidosis, illustrating a general principle of medicine: Lack of a complete history can delay
diagnosis.
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https://babel.hathitrust.org/cgi/pt?id=iau.31858012030544&view
=1up&seq=403 on 15 July 2019.
6. Rossetti L, Smith D, Shulman GI, et al. Correction of hyperglycemia
with phlorizin normalizes tissue sensitivity to insulin in diabetic rats.
J Clin Invest. 1987;79:1510-5. [PMID: 3571496]
7. Tsujihara K, Hongu M, Saito K, et al. Na(+)-glucose cotransporter
(SGLT) inhibitors as antidiabetic agents. 4. Synthesis and pharmacological properties of 4’-dehydroxyphlorizin derivatives substituted on
the B ring. J Med Chem. 1999;42:5311-24. [PMID: 10639275]
8. McKee FW, Hawkins WB. Phlorhizin glucosuria. Physiol Rev. 1945;
25:255-80. doi:10.1152/physrev.1945.25.2.255
9. Meng W, Ellsworth BA, Nirschl AA, et al. Discovery of dapagliﬂozin: a potent, selective renal sodium-dependent glucose cotransporter 2 (SGLT2) inhibitor for the treatment of type 2 diabetes. J Med
Chem. 2008;51:1145-9. [PMID: 18260618] doi:10.1021/jm701272q
10. Han S, Hagan DL, Taylor JR, et al. Dapagliﬂozin, a selective
SGLT2 inhibitor, improves glucose homeostasis in normal and
diabetic rats. Diabetes. 2008;57:1723-9. [PMID: 18356408] doi:10
.2337/db07-1472
11. Gallo LA, Wright EM, Vallon V. Probing SGLT2 as a therapeutic target for diabetes: basic physiology and consequences.
Diab Vasc Dis Res. 2015;12:78-89. [PMID: 25616707] doi:10
.1177/1479164114561992
12. Chasis H, Jolliffe N, Smith HW. The action of phlorizin on the
excretion of glucose, xylose, sucrose, creatinine and urea by man.
J Clin Invest. 1933;12:1083-90. [PMID: 16694183]
13. Komoroski B, Vachharajani N, Boulton D, et al. Dapagliﬂozin, a
novel SGLT2 inhibitor, induces dose-dependent glucosuria in healthy
subjects. Clin Pharmacol Ther. 2009;85:520-6. [PMID: 19129748] doi:10
.1038/clpt.2008.251
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