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D I A B E T E S

Targeting hepatic glucokinase to treat diabetes with 
TTP399, a hepatoselective glucokinase activator
Adrian Vella1, Jennifer L. R. Freeman2, Imogene Dunn2, Kit Keller2,  
John B. Buse3, Carmen Valcarce2*

The therapeutic success of interventions targeting glucokinase (GK) activation for the treatment of type 2 diabe-
tes has been limited by hypoglycemia, steatohepatitis, and loss of efficacy over time. The clinical characteristics of 
patients with GK-activating mutations or GK regulatory protein (GKRP) loss-of-function mutations suggest that a 
hepatoselective GK activator (GKA) that does not activate GK in  cells or affect the GK-GKRP interaction may re-
duce hyperglycemia in patients with type 2 diabetes while limiting hypoglycemia and liver-associated adverse 
effects. Here, we review the rationale for TTP399, an oral hepatoselective GKA, and its progression from preclinical 
to clinical development, with an emphasis on the results of a randomized, double-blind, placebo- and active-
controlled phase 2 study of TTP399 in patients with type 2 diabetes. In this 6-month study, TTP399 (800 mg/day) 
was associated with a clinically significant and sustained reduction in glycated hemoglobin, with a placebo-
subtracted least squares mean HbA1c change from baseline of −0.9% (P < 0.01). Compared to placebo, TTP399 
(800 mg/day) also increased high-density lipoprotein cholesterol (3.2 mg/dl; P < 0.05), decreased fasting plasma 
glucagon (−20 pg/ml; P < 0.05), and decreased weight in patients weighing ≥100 kg (−3.4 kg; P < 0.05). TTP399 
did not cause hypoglycemia, had no detrimental effect on plasma lipids or liver enzymes, and did not increase 
blood pressure, highlighting the importance of tissue selectivity and preservation of physiological regulation 
when targeting key metabolic regulators such as GK.

INTRODUCTION
The past decade has witnessed a proliferation of new therapies for 
type 2 diabetes, driven in part by a greater understanding of the 
pathophysiology of the disease. Identification of pathways predis-
posing to the disease has helped to focus development of compounds 
that target these processes (1).

Glucokinase (GK)—the enzyme catalyzing glucose phosphory-
lation, the rate-limiting step in glycolysis, and a major controller of 
glycogen synthesis (2, 3)—is one such target. Heterozygous inacti-
vating mutations of this enzyme produce an altered set point, in-
creasing the threshold for insulin secretion (4), whereas homozygous 
inactivating mutations produce a more severe phenotype that pres-
ents at birth as permanent neonatal diabetes mellitus (5). Conversely, 
activating mutations of this gene cause neonatal hyperinsulinemic hy-
poglycemia (5, 6). GK acts as a glucose sensor in a variety of tissues—a 
role driven by the kinetics of glucose binding and the lack of inhibi-
tion of GK by the end product of the reaction it catalyzes (7, 8).

In the  cell, GK establishes the threshold for glucose-stimulated 
insulin secretion (7), whereas in hepatocytes, it regulates glucose up-
take and glycogen synthesis (5). The reduction in hepatic glucose 
uptake and glycogen synthesis observed in people with type 2 diabetes 
is attributable, at least in part, to reduced hepatic GK activity (9). 
Selective activation of hepatic GK in transgenic animals produces 
glucose lowering without attendant hypoglycemia (10). Glucose up-
take and phosphorylation also drive glycogen synthesis and play a 
critical role in lipogenesis (5). In the hepatocyte, GK is regulated 

by the GK regulatory protein (GKRP) that sequesters the enzyme 
in an inactive conformation in the presence of low glucose con-
centrations (11–13). Numerous reports of mutations affecting 
GKRP expression, localization, and activity indicate that these mu-
tations affect not only glucose homeostasis but also triglyceride (TG) 
metabolism (14–19).

Although multiple small-molecule activators of GK have been in 
clinical development, their initial therapeutic promise has been 
hampered by the occurrence of hypoglycemia, increased TG con-
centrations, and loss of efficacy over time (20–24). These adverse 
events (AEs) were related to ongoing  cell activation (as predicted 
by the phenotype of patients with GK-activating mutations) and 
may be related to the development of hepatic steatosis (consistent 
with the disruption of GK and GKRP interaction by these activators 
and evidence from preclinical trials) (23, 25, 26).

The clinical characteristics of patients with GK-activating muta-
tions or GKRP loss-of-function mutations suggest that hepatoselective 
GK activators (GKAs) that neither activate GK in  cells nor affect 
the GK-GKRP interaction would be less likely to cause these AEs. 
Accordingly, we developed TTP399, a hepatoselective agent that im-
proves glycemic control in both animal models of type 2 diabetes and 
patients with type 2 diabetes by activating GK. TTP399 improved 
glycemic control and did not induce hypoglycemia, dyslipidemia, or 
pathological increases of glycogen and TG in the liver. The presence 
of TTP399 did not appear to disrupt the interaction between GK and 
GKRP in the presence of normoglycemia, perhaps explaining the ab-
sence of dyslipidemia and altered liver function tests in humans. Ani-
mal models exhibited decreased hepatic fat in response to TTP399 
administration. Here, we describe the key studies in the TTP399 pre-
clinical and clinical development program, including the design and 
results of the AGATA (Add Glucokinase Activator to Target A1c) 
trial, a phase 2b trial of TTP399 in patients with type 2 diabetes, and 
its impact on the physiological regulation of glucose metabolism.
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RESULTS
Design and discovery of TTP399
The goal of the discovery phase of this project was to identify and 
characterize small-molecule compounds with the ability to increase 
GK activity in the liver without affecting the physiological role of 
GK (active when plasma glucose concentrations are high and inac-
tive at low/normal plasma glucose concentration). Compounds were 
initially screened for efficacy and potency on purified human and 
rat GK in the presence of hyperglycemia (15 mM glucose) or nor-
moglycemia (5 mM glucose) and then tested for their ability to in-
crease glycogen and lactate production in rat and human hepatocytes 
incubated in the presence of 15 mM glucose. Active compounds 
were further tested for their ability to induce insulin secretion in 
pancreatic  cells/mouse islets in the presence of hypoglycemia 
(3 mM glucose) and hyperglycemia (15 mM glucose). The com-
pounds that did not stimulate insulin secretion were further charac-
terized to confirm liver selectivity. The liver selectivity of TTP399 
was assessed by direct and indirect techniques, which demonstrated 
that TTP399 is a functional hepatoselective GKA.
In vitro characterization of TTP399 and its effects on glucose 
metabolism
The median effective concentration (EC50) of TTP399 for human 
GK at high glucose concentration (15 mM) was 304 nM, and that at 
normoglycemia (5 mM) was 762 nM (fig. S1). TTP399 increased 
glucose metabolism in rat hepatocytes, measured as an increase in 
glycogen content or lactate production (fig. S2). The EC50 values 
were 2.39 and 2.64 M in the presence of 15 mM glucose for lactate 
production and glycogen content, respectively.

Time-, temperature-, and concentration-dependent uptake stud-
ies revealed active carrier-mediated transport of TTP399 into rat, 
canine, and human hepatocytes but not into rat  cells. Figure S3 illus-
trates the selective uptake of TTP399 into rat hepatocytes compared 
with rat  cells. The hepatocyte concentration of TTP399 was >10 
times of that observed in rat  cells at all concentrations tested.

The results from the mouse islet and rat  cell studies demon-
strate that TTP399 had minor effects on insulin secretion, with an 
EC50 of >10 M at basal glucose concentrations. For example, in per-
fused mouse islets, the magnitude of the response to 10 M TTP399 
was 20% of that seen with 15 mM glucose (Fig. 1).

At concentrations near or slightly above the EC50 (1 and 3 M), 
TTP399 did not affect the physiologic translocation of GK into and 
out of the nucleus in response to changes in glucose concentration 
(Fig. 2). Under normoglycemic conditions (5 mM glucose), GK 
was predominantly located in the nucleus, both in the presence and 
absence of TTP399 (Fig. 2B), indicating that GKRP can bind, inac-
tivate, and sequester GK, even in the presence of GKA. During hy-
perglycemic conditions (15 and 25 mM glucose), nuclear intensity 
was reduced, implying that GK had translocated out of the nucleus. 
This was unaffected by the presence of TTP399. These results sup-
port the hypothesis that, at the concentrations used in this study, 
the physiological regulation of GK by GKRP in the liver is main-
tained in the presence of TTP399.
In vivo characterization of TTP399
Treatment of nondiabetic fasted rats with TTP399 [200 mg/kg, per 
os (p.o.)] resulted in changes in plasma glucose concentrations that 
were indistinguishable from those observed in rats treated with ve-
hicle (Fig. 3A). Similarly, no change in plasma insulin concentrations 
was seen after dosing with TTP399 or vehicle (Fig. 3B). In contrast, 
the nonliver-selective GK agonist NNC80-0000-3281 (200 mg/kg, p.o.) 

caused large increases in plasma insulin and subsequent reductions 
in plasma glucose concentration (Fig. 3).

Preclinical proof of concept (PoC) was defined by the capacity of 
the compound to lower glycated hemoglobin (HbA1c) after chronic 
administration. The ob/ob mouse model of severe diabetes and dys-
lipidemia, characterized by hyperinsulinemia, obesity, insulin resis-
tance, and elevated hepatic glucose production, was one of the models 
used for this purpose. Four weeks of treatment of diabetic Umeå ob/ob 
mice with TTP399 (75 or 150 mg/kg per day) resulted in improved 
glucose homeostasis, manifested by a significant reduction in HbA1c 
[HbA1c change from baseline at week 4: vehicle, 0.49 ± 0.27%; TTP399 
(75 mg/kg), −0.76 ± 0.14% (P < 0.01); TTP399 (150 mg/kg), −1.23 ± 
0.28% (P < 0.001); fig. S4] and lower blood glucose concentrations 
during a 30-hour profile (table S1). Plasma insulin concentrations 
were not different from those observed in the vehicle-treated mice 
(table S2). Treatment with TTP399 decreased lactate concentrations 
and liver glycogen depots, which are increased in this animal model. 
The lipid profile also improved with treatment, with reduced plasma 
and liver TG concentrations (fig. S5). TTP399 treatment also resulted 
in reduced weight gain at the highest dose tested [0.5 g with TTP399 
(150 mg/kg per day) at 4 weeks versus 3 g with placebo; P < 0.01; fig. 
S6A]. Cumulative food intake in the three groups was similar over 
the 4-week study (fig. S6B).

To confirm the results observed in ob/ob mice in a nonrodent 
model, we tested TTP399 in Gottingen minipigs. TTP399 was effec-
tive in reducing plasma glucose during an oral glucose tolerance test 
(OGTT) in this model. Moreover, there were no significant changes in 
mean plasma TG concentrations, lactic acid concentrations, hepatic-
free glycerol, TG, or glycogen content in minipigs treated with 
TTP399 (50 mg/kg per day) for 13 weeks compared with animals 
treated with vehicle (tables S3 and S4).

Minipigs treated with 500 mg of metformin twice daily demon-
strated a slight increase in blood glucose after ingestion of a meal 
supplemented with glucose (1 g/kg) (fig. S7). When minipigs were 
pretreated with TTP399 (50 mg/kg) in addition to metformin before 
the food and glucose challenge, the blood glucose excursion was 
eliminated (P < 0.05, 2 hours after ingestion; fig. S7). No differences 
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Fig. 1. Insulin secretory response to glucose and TTP399 in perfused mouse 
islets. TTP399 was tested in the presence of 3 mM glucose. The horizontal gray bar 
indicates when islets were exposed to experimental treatments. Data are means ± 
SEM (n = 6).
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in insulin secretion were observed between the minipigs treated with 
metformin alone and with combination therapy (fig. S7).
Initial clinical experience with TTP399
TTP399 has been evaluated in 10 clinical trials (phase 1, phase 1b, 
and phase 2a). In clinical studies of patients with type 2 diabetes, 
TTP399 reduced postprandial glucose and increased the percentage 
of time glycemic values were in the normal range (27, 28). Incidence 
of AEs with TTP399 was similar to that observed with placebo, with 
none that had an obvious relationship to dose.

Clinical PoC: efficacy and safety in a phase 2b clinical trial
Study design
The AGATA trial was a phase 2b, randomized, double-blind, placebo- 
and active-controlled, parallel group study in patients with type 2 
diabetes receiving a stable dose of metformin. Participants were 
randomized to one of four treatment regimens for a 6-month treat-
ment period: (i) TTP399 (400 mg) once daily; (ii) TTP399 (800 mg) 

once daily; (iii) the DPP-4 inhibitor sitagliptin (100 mg) once daily; 
or (iv) placebo once daily.

The primary endpoint was change from baseline in HbA1c at 
6 months. Secondary endpoints included changes in body weight, 
lipids [low-density lipoprotein cholesterol (LDL-C), high-density 
lipoprotein cholesterol (HDL-C), TGs, and total cholesterol], insulin, 
lactate, C-peptide, glucagon, and glucagon-like peptide-1 (GLP-1). 
Safety was assessed by AEs, laboratory tests, vital signs, and electro-
cardiograms.
Patients
A total of 190 patients were randomized between 1 April 2015 and 
5 February 2016 (Fig. 4), of whom 124 completed the dosing period 
and 115 completed the follow-up visit. The discontinuation rate 
did not differ between groups. Baseline characteristics and demo-
graphics were generally comparable among the four treatment 
groups (Table 1).
Primary outcome
Placebo-subtracted changes in HbA1c levels at month 6 were −0.9% 
for TTP399 (800 mg) [95% confidence interval (CI), −1.5 to −0.3; P < 
0.01], −0.2% for TTP399 (400 mg) (95% CI, −0.8 to 0.5), and −1.0% 
with sitagliptin (95% CI, −1.5 to −0.5) (Table 2). Reduction in HbA1c 
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with TTP399 (800 mg) was first observed at month 3 and was sus-
tained over the 6 months of treatment (Fig. 5A). Results of a sup-
portive analysis, including a last-observation-carried-forward (LOCF) 
analysis for handling missing data and a complete-cases analysis 
(Fig. 5B), confirmed the conclusion of the primary intent-to-treat 
(ITT) analysis.
Secondary outcomes
TTP399 administration did not significantly decrease weight with 
TTP399 (800 or 400 mg/day) (Fig. 5C and Table 2). In patients with 
entry body weight of ≥100 kg, reductions in body weight were sig-
nificantly greater than placebo with TTP399 (800 mg/day) [−3.4 kg; 
95% CI, −6.2 to −0.6 (P < 0.05)] but not with TTP399 (400 mg/day) 
(−0.2 kg; 95% CI, −2.7 to 2.4) or sitagliptin (−0.6 kg; 95% CI, −3.1 to 2.0).

TTP399 (800 mg/day), but not sitagliptin or TTP399 (400 mg/day), 
significantly decreased fasting glucagon concentrations by 19.6 pg/ml 
(95% CI, −34.8 to −4.4; P < 0.05 versus placebo). TTP399 did not 
change fasting active GLP-1, lactate, insulin, and C-peptide concen-
trations (Table 2 and fig. S8).

Treatment with TTP399 (800 mg/day) significantly increased 
HDL-C versus placebo [+3.2 mg/dl; 95% CI, 0.2 to 6.1 (P < 0.05)], as 
shown in Table 2. Changes in HDL-C with TTP399 (400 mg/day) or 
sitagliptin were not statistically significant. No statistically signifi-
cant changes in TGs, LDL-C, non–HDL-C, or total cholesterol were 
observed.
Safety
The percentages of individuals reporting treatment-emergent AEs 
(TEAEs) were generally similar among groups (Table 3), with no se-
rious AEs reported. Study discontinuations due to treatment-related 

TEAEs occurred in four patients (9.5%) 
in the TTP399 group (800 mg/day), three 
patients (6.1%) in the sitagliptin group, 
and one patient (2.1%) in the placebo 
group. The most commonly reported 
TEAEs, occurring in at least 5% of pa-
tients, were headache, upper respiratory 
tract infection, urinary tract infection, 
diarrhea, nausea, hypoglycemia, cough, 
and nasopharyngitis.

One case of documented symptomat-
ic hypoglycemia was reported in each of 
the groups assigned to TTP399 (800 mg), 
sitagliptin, or placebo. No cases of severe 
hypoglycemia or confirmed asymptom-
atic hypoglycemia were reported.

Assessments of other laboratory find-
ings and vital signs were generally unre-
markable. There were no AE reports of 
increases in alanine aminotransferase 
(ALT), bilirubin, or alkaline phosphatase 
in any treatment group. An asymptom-
atic increase in aspartate aminotransfer-
ase (AST) concentration at follow-up 
(2 weeks after discontinuation of the 
drug) in one patient in the TTP399 group 
(400 mg/day) was noted; however, this 
AST elevation was not deemed to be 
treatment-related by the investigator. 
Increased blood pressure was reported 
as an AE in one patient in the sitagliptin 

group. Hypertension was reported as an AE in one patient on placebo 
and one patient on TTP399 (400 mg). No AEs related to blood pres-
sure were reported among patients assigned to TTP399 (800 mg).

DISCUSSION
Because of the critical importance of GK to glucose homeostasis 
and its potential as a therapeutic target for type 2 diabetes, numer-
ous GKAs have been developed, evaluated, and unfortunately, dis-
continued (23, 25). Published preclinical data are now available on 
at least 30 GKAs, including those with activity in both liver and 
pancreas, partial GKA activators, and hepatoselective activators. 
The data presented here indicate that TTP399 is hepatoselective 
and substantially improves glycemic control in people with type 2 
diabetes without causing hypoglycemia or hyperlipidemia.

Improvements in fasting glucose and postprandial glucose have 
been demonstrated in a variety of diabetic animal models, including 
diet-induced models, using members of this therapeutic class (29–32). 
However, most have shown a potential to cause hypoglycemia, dys-
lipidemia, and/or fatty liver, as well as hypoglycemia-related pathol-
ogy such as vasculopathy and neuropathy (30, 33–36).

The earliest compounds in this class were dual hepatic and pancreatic 
activators that caused hypoglycemia, resulting in a shift in focus toward 
either “partial activators” [which avoid reducing the Km (Michaelis 
constant) for glucose to inappropriately low levels] or hepatoselective 
compounds (33, 37, 38). Although such compounds reduced the risk 
for hypoglycemia, many were associated with dyslipidemia and fatty 
liver in preclinical studies (20–23, 25). Clinical results to date for many of 
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these candidates have been discouraging, with reports of increased 
TG concentrations and systolic blood pressure, and in longer-term 
clinical trials, loss of efficacy over time (23, 39, 40).

Numerous reports of rare variants or mutations affecting GKRP 
expression, localization, and/or activity indicate that these mutations 
affect not only glucose homeostasis but also TG metabolism (14–19). 
These findings suggest that interference with normal GK-GKRP in-

teractions, as has been reported with previous compounds, may ex-
plain the dyslipidemia and possibly the loss of efficacy over time 
observed with these compounds (23, 26).

TTP399 is a hepatoselective GKA that does not interfere with the 
interaction between GK and GKRP. In addition, it has not demon-
strated the risk of hypoglycemia associated with GKA activity in the 
pancreas. The compound also avoids the AEs of previous GKAs on 

Table 1. Patient demographics and baseline characteristics. FPG, fasting plasma glucose. 

Characteristic TTP399 (400 mg) (n = 50) TTP399 (800 mg)
(n = 42)

Sitagliptin
(n = 49)

Placebo
(n = 48)

Mean age, y (±SD) 52.8 ± 10.7 57.0 ± 8.5 55.1 ± 9.6 55.7 ± 11.7

Male, n (%) 23 (46.0) 22 (52.4) 29 (59.2) 27 (56.3)

White, n (%) 42 (84.0) 32 (76.2) 41 (85.4) 39 (81.3)

Mean weight, kg (±SD) 94.1 ± 19.4 92.3 ± 24.2 95.8 ± 19.0 91. 6 ± 19.8

Mean body mass index, kg/m2 
(±SD)

33.3 ± 5.4 32.1 ± 5.8 33.1 ± 5.7 32.4 ± 5.6

Mean HbA1c, % (±SD) 7.9 ± 0.7 8.1 ± 0.7 8.1 ± 0.7 7.9 ± 0.7

Mean metformin dose, mg 
(±SD)

1652 ± 451 1625 ± 518 1647 ± 445 1693 ± 513

Mean years since diagnosis 
(±SD)

7.3 ± 6.2 7.7 ± 5.4 8.3 ± 6.8 8.2 ± 6.0

FPG, mg/dl (±SD) 163.9 ± 39.0 162.8 ± 44.0 163.4 ± 41.1 167.4 ± 36.3

Glucagon, ng/liter (±SD) 40.6 ± 33.4 42.5 ± 34.2 53.1 ± 55.4 44.6 ± 26.5

GLP-1, ng/liter (±SD) 4.5 ± 5.9 4.3 ± 6.9 8.3 ± 16.4 6.5 ± 9.9

LDL-C, mg/dl (±SD) 97.7 ± 34.0 85.5 ± 24.4 95.6 ± 37.4 84.0 ± 30.9

HDL-C, mg/dl (±SD) 48.8 ± 13.6 52.9 ± 13.8 46.4 ± 11.6 48.8 ± 14.8

TG, mg/dl (±SD) 185.4 ± 111.0 157.5 ± 104.9 195.8 ± 143.6 163.8 ± 96.8

Non–HDL-C, mg/dl (±SD) 134.7 ± 37.3 116.4 ± 31.7 134.1 ± 48.8 117.0 ± 36.1

Table 2. Placebo-subtracted changes from baseline at 6 months. Data are presented as LSM (least squares mean) changes (95% CI). 

TTP399 (400 mg)
(n = 50)

TTP399 (800 mg)
(n = 42)

Sitagliptin
(n = 49)

HbA1c, % −0.2 (−0.8 to 0.5) −0.9 (−1.5 to −0.3)** −1.0 (−1.5 to −0.5)

FPG, mg/dl 5.5 (−19.6 to 30.5) −4.8 (−31.0 to 21.5) −16.6 (−41.8 to 8.6)

Weight, kg −0.11 (−1.6 to 1.4) −1.2 (−2.7 to 0.3) 0.5 (−1.0 to 1.9)

  Weight in patients ≥100 kg −0.2 (−2.7 to 2.4) −3.4 (−6.2 to −0.6)* −0.6 (−3.1 to 2.0)

Insulin, IU/ml 0.67 (−4.3 to 5.6) 1.22 (−4.4 to 6.9) −1.3 (−7.3 to 4.7)

Glucagon, ng/liter −8.1 (−24.2 to 8.0) −19.6 (−34.8 to −4.4)* −2.0 (−17.0 to 13.0)

GLP-1, ng/liter 10.6 (−12.7 to 33.8) 0.4 (−15.1 to 15.9) 18.2 (3.3 to 33.0)

C-peptide, g/liter 0.05 (−0.60 to 0.70) −0.19 (−0.82 to 0.44) 0.23 (−0.38 to 0.85)

Lipids

  HDL-C, mg/dl −0.4 (−3.4 to 2.6) 3.2 (0.2 to 6.1)* 0.9 (−1.9 to 3.7)

  Non–HDL-C, mg/dl 7.9 (−8.2 to 23.9) 2.9 (−13.1 to 18.8) −2.0 (−17.0 to 13.0)

  TG, mg/dl 1.5 (−50.0 to 53.1) −13.3 (−59.6 to 33.0) −27.4 (−73.5 to 18.7)

  Total cholesterol, mg/dl 5.5 (−11.4 to 22.4) 6.9 (−9.8 to 23.6) −2.4 (−17.9 to 13.1)

Lactate, mg/dl 0.71 (−2.5 to 3.9) 0.93 (−2.3 to 4.1) 0.68 (−2.4 to 3.8)

*P < 0.05.     **P < 0.01.    
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the lipid profile. This clinical profile of TTP399 has been confirmed 
in our phase 2 trial and is consistent with the preclinical data.

Animal studies have demonstrated that TTP399 does not acti-
vate GK in pancreatic  cells, does not alter insulin secretion, and 
does not result in hypoglycemia. Therefore, the liver selectivity of 

TTP399 obviates concerns regarding the large increases in insulin 
secretion and the severe and prolonged hypoglycemia that have 
been observed with dual-acting GKAs (25, 33, 34, 40). Studies of 
TTP399 in rat hepatocytes also support the hypothesis that the 
physiological regulation of GK by GKRP, and therefore glucose, in 
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Fig. 5. Changes in HbA1c and body weight at month 6 and over time. (A) Changes in HbA1c at month 6 (top) and over time (bottom) (n = 171). QD, once daily; FAS, full 
analysis set; sita, sitagliptin. (B) Placebo-subtracted change in HbA1c at month 6. (C) Changes in body weight at month 6 (top) and over time (bottom) (n = 174). Data are 
presented as least squares (LS) means ± SEM. P values based on analysis of covariance (ANCOVA) model with treatment group as a factor and baseline value as a covariate.
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the liver is maintained in the presence of TTP399; as a result, no in-
crease in hepatic TG concentrations in preclinical studies or plasma 
TG concentrations in clinical studies was observed. The preservation 
of the GK-GKRP interaction in the presence of TTP399 appears to 
be particular to this GKA and may be the result of screening com-
pounds for activity in the presence of 15 mM glucose. This screening 
strategy was used to identify TTP399 selected for compounds that 
increased the activity of GK when it was in the active conformation. 
This strategy contrasts with the approaches used for other GKAs, which 
were identified by screening at 2 to 5 mM glucose, where GK is in the 
open, or inactive, conformation. Although data using recombinant 
purified proteins to show that TTP399 does not disrupt the GK-GKRP 
complex in vitro are not available, evidence of a lack of interference 
with the GK-GKRP interaction was provided by the nuclear-cellular 
localization studies, which showed similar nuclear localization at drug 
concentrations above the EC50 and glucose concentrations spanning 
a range of 5 to 25 mM. These results contrast with observations with 
dual-acting compounds (41, 42) or compounds specifically designed 
to interrupt the GK-GKRP interaction (43) and may explain the lack 
of lipid accumulation in the livers of animals treated with TTP399 
when compared with dual-acting compounds (25).

Animal models presented here have confirmed that TTP399 im-
proves glycemic control, reduces insulin resistance, and decreases 

body weight without changes in plasma insulin or hepatic lipids. The 
reduction in TG observed with TTP399 contrasts with the increase 
in liver and plasma TG observed in animal models with dual-acting 
GKAs (25). Moreover, in animal models with dyslipidemia and fatty 
liver (for example, ob/ob mice), TTP399 reduced TG concentration 
in both plasma and liver.

Results from the preclinical program supported the initiation of 
clinical trials investigating TTP399 at doses of up to 800 mg twice 
daily. Together, these studies included more than 500 participants 
and reported no signals related to hypoglycemia, hyperlipidemia, or 
liver toxicity. In these trials, no notable AEs were observed and no 
serious treatment-related AEs were reported.

In the current phase 2 trial, TTP399 (800 mg) produced a placebo-
subtracted 0.9% reduction in HbA1c at 6 months. This HbA1c reduction 
was sustained from months 3 to 6 of the 6-month study. In contrast, 
previous studies of GKAs that are not hepatoselective have suggested 
that their glycemic effects are not sustained (23, 44). As was observed 
in preclinical studies, TTP399 (800 mg) was also associated with low 
rates of hypoglycemia, a favorable lipid profile (including increased 
HDL-C), and the potential for weight loss, especially in individuals 
weighing 100 kg or more. The observed weight loss in these individ-
uals was consistent with the results of a post hoc analysis of a previ-
ous study that had shown loss of body weight among patients with 

Table 3. Adverse events. Data are provided as n (%). 

TTP399 (400 mg)
(n = 50)

TTP399 (800 mg)
(n = 42)

Sitagliptin
(n = 49)

Placebo
(n = 48)

Patients with ≥1 TEAE 26 (52.0) 21 (50.0) 30 (61.2) 29 (60.4)

Serious AEs 0 (0) 0 (0) 0 (0) 0 (0)

Patients with ≥1 treatment-
related AEs

3 (6.0) 8 (19.0) 8 (16.3) 4 (8.3)

AE leading to withdrawal 0 (0) 4 (9.5) 3 (6.1) 1 (2.1)

AEs occurring in ≥5%

  Headache 6 (12.0) 2 (4.8) 4 (8.2) 2 (4.2)

  Upper respiratory tract 
infection

6 (12.0) 1 (2.4) 2 (4.1) 2 (4.2)

  Diarrhea 2 (4.0) 3 (7.1) 3 (6.1) 2 (4.2)

  Nausea 2 (4.0) 3 (7.1) 3 (6.1) 1 (2.1)

  Hypoglycemia 0 (0) 3 (7.1) 2 (4.1) 2 (4.2)

  Urinary tract infection 4 (8.0) 1 (2.4) 1 (2.0) 1 (2.1)

  Cough 2 (4.0) 1 (2.4) 3 (6.1) 0 (0)

  Nasopharyngitis 0 (0) 0 (0) 2 (4.1) 3 (6.3)

Hypoglycemia AEs

  Number of hypoglycemic 
events

0 (0) 3 2 7

  Patients with ≥1 
hypoglycemic event

0 (0) 3 (7.1) 2 (4.1) 3 (6.30)

  Severe hypoglycemia 0 (0) 0 (0) 0 (0) 0 (0)

  Documented symptomatic 
hypoglycemia

0 (0) 1 (2.4) 1 (2.0) 1 (2.1)

  Probable symptomatic 
hypoglycemia

0 (0) 2 (4.8) 1 (2.0) 1 (2.1)

  Relative hypoglycemia 0 (0) 0 (0) 0 (0) 1 (2.1)
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baseline body weight of 100 kg or more (27). The mechanism for 
the observed weight loss with TTP399 in heavier individuals and 
the potential impact of TTP399 on appetite and food intake require 
additional study.

In addition, the reduction in plasma glucagon with TTP399 and 
its lack of effect on fasting GLP-1 distinguish its mechanism of action 
from those of sitagliptin and other antidiabetic agents. The reduc-
tion in fasting plasma glucagon with TTP399 is intriguing. Eleva-
tion of glucagon in prediabetes and diabetes has been attributed to 
impaired insulin secretion. However, several cohorts have challenged 
that notion, suggesting that elevated glucagon is associated with im-
paired insulin signaling (45, 46). Ceramide accumulation in the  
cells of ob/ob hyperglycemic rodents impairs glucagon suppression 
(47). Lowering of fasting glucose by TTP399 without change in in-
sulin concentrations implies an improvement in insulin action (46). 
Whether this mechanism can explain the lowering of fasting gluca-
gon will require further study.

Data from this trial and results of previous studies confirm that, 
unlike other GKAs that are not hepatoselective, TTP399 does not in-
duce hypoglycemia; has a negligible effect on TG, non–HDL-C, and 
total cholesterol; has no effect on liver enzymes; and does not increase 
blood pressure. The reduction in HbA1c with TTP399 (800 mg) was 
similar to those seen with non-hepatoselective GKAs (40, 44), suggest-
ing that the lack of hypoglycemia and the favorable lipid profile as-
sociated with TTP399 cannot be explained by a reduction in potency.

Although this trial demonstrated sustained glycemic effects, ad-
ditional studies will be needed to determine whether the efficacy can 
be maintained in longer-term applications. In addition, the long-term 
safety profile of TTP399 will need to be determined.

The totality of the evidence from our preclinical and clinical re-
search and the results from the phase 2b trial indicate that TTP399 
may have a superior profile compared to other GKAs, suggesting that 
TTP399 may be a therapeutically viable member of this class. These 
findings also underscore the importance of tissue selectivity and the 
preservation of physiological regulation when targeting key metabolic 
regulators such as GK. Additional research on the effects of TTP399 in 
a larger clinical trial is needed to confirm these promising results.

MATERIALS AND METHODS
Phase 2 clinical trial
Study design
This phase 2, randomized, double-blind, placebo- and active-controlled, 
parallel group study aimed to evaluate the effect of TTP399 on HbA1c 
after 6 months of treatment. Twenty-one academic, clinical, and 
research-based centers in the United States participated in the study. 
The protocol and informed consent forms were reviewed and ap-
proved by each site’s institutional review board before initiation 
of any study activities. After screening, participants were stratified 
into two groups on the basis of their HbA1c at screening (≤8.0% 
versus >8.0%) and were randomized using a site-based scheme 
to oral TTP399 (800 mg/day), TTP399 (400 mg/day), sitagliptin 
(100 mg/day; JANUVIA, Merck & Co.), or placebo. A double-dummy 
technique was used to mask the active treatments.

Participants were instructed to take their assigned study medica-
tion orally at about the same time every day, just before breakfast, 
for the 6-month treatment period, and continued their current met-
formin regimen throughout the duration of the study. In the event 
of hyperglycemia, the initiation and choice of rescue medication were 

subject to the preference of the investigator. Participants who expe-
rienced hyperglycemia were discharged from the study.

The study included a total of nine outpatient visits. The screen-
ing visit occurred within 1 week before randomization, seven visits 
occurred during treatment at intervals of about 28 days, and the 
follow-up visit occurred about 2 weeks after the eighth visit.
Participants
This study enrolled adults aged 18 to 75 years who had been diag-
nosed with type 2 diabetes at least 6 months before screening, were 
using a stable dose of metformin of at least 1000 mg/day for at least 
the last 3 months, had an HbA1c level of ≥7.0 and ≤9.5%, and had a 
body mass index between 20 and 45 kg/m2. Participants were excluded 
if they had renal insufficiency (estimated glomerular filtration rate 
of less than 50 ml/min per 1.73 m2); had used any antidiabetic agent 
other than metformin within 3 months; were using other medica-
tions known to affect glucose metabolism; had a history of myocar-
dial infarction, unstable angina, coronary revascularization, stroke, 
or transient ischemic attack within 2 years; or had symptomatic con-
gestive heart failure. Patients with a history of serious cardiac arrhyth-
mias or cardiac arrhythmias requiring treatment or prophylaxis, 
second- or third-degree heart block, or atrial fibrillation lasting more 
than 2 days were also excluded, as were patients with clinically sig-
nificant disease viewed by the investigator or a medical monitor to 
make the patient inappropriate for the trial.
Biochemical and clinical assessments
Routine clinical laboratory evaluations, including assessments of he-
matology, chemistry, thyroid-stimulating hormone, insulin, C-peptide, 
and lipids, as well as monitoring of HbA1c, plasma glucose, lactate, 
glucagon, and GLP-1, were conducted at each post-baseline visit. 
Assessments of compliance and safety (via analysis of AE reports) 
were also conducted.
Statistical analysis
Assuming an SD of 1%, 44 participants per group would provide 
90% power to detect a difference of 0.7% in HbA1c between a group 
treated with TTP399 and a group treated with placebo, using  = 0.05. 
On the basis of these assumptions, it was thought that the randomiza-
tion of 180 participants [randomized in balanced allocation to TTP399 
(400 mg) once daily, TTP399 (800 mg) once daily, sitagliptin (100 mg) 
once daily, or placebo once daily] would provide adequate power 
for this study to meet its objectives.
Efficacy evaluation
Efficacy was evaluated following ITT principles, which followed the 
protocol-specified conditional sequence of hypothesis tests to control 
. The statistical model for the primary analysis used an ANCOVA 
main-effects model with baseline HbA1c as a covariate on change 
from baseline to month 6 in HbA1c on the full analysis set (all ran-
domized participants with on-treatment data).

Multiple imputation methods were used to handle missing data. 
To ensure robustness of the conclusions of the analysis, we conducted 
additional supportive analyses, including an LOCF analysis for han-
dling missing data and a complete-cases analysis. Sensitivity analyses 
included rank analogues to ensure robustness of analysis conclusions 
to the inclusion of covariables, the parametric assumptions, the choice 
of the statistical model, or methodology for coping with missing data. 
A strict ITT analysis was also conducted using data from all ran-
domized participants, regardless of whether participants received 
treatment or had posttreatment data. Statistical comparisons with 
sitagliptin were not planned, consistent with -spending rules allocat-
ing full  to comparisons between TTP399 and placebo and consistent 
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with the inclusion of sitagliptin for assay sensitivity. In this study, 
no  was allocated to comparisons with sitagliptin.
Safety evaluation
All safety analyses were based on the safety set, which included 
all participants who received at least one dose of study medication. 
Continuous safety variables were summarized using descriptive 
statistics.

Preclinical studies
All preclinical animal research was performed in concordance with 
local and national regulations.
Transporter-mediated uptake into rat hepatocytes and pancreatic 
 cells in vitro
Primary rat hepatocytes were prepared from Sprague-Dawley rats 
and cultured as described in the Supplementary Materials. Time, 
temperature, and concentration dependence studies were performed 
as in Ismair et al. (48).

Rat INS-1E  cells were cultured as described in the Supplemen-
tary Materials. After 2 to 3 days, uptake experiments were performed. 
Cell monolayers were washed with uptake buffer (100 mM NaCl, 
2 mM KCl, and 1 mM Hepes adjusted to pH 7.4 with NaOH) for 
30 min at 37°C. The experiment was initiated by the addition of 
500 l of TTP399 spiked with [14C]-TTP399 (0.02 Ci per well). 
The concentration of TTP399 varied between 1 and 200 M. After 
incubation (0 to 30 min), the uptake was stopped by aspiration of 
the uptake buffer, followed by three rapid washes with ice-cold buffer. 
The cells were lysed overnight, and uptake was determined by liq-
uid scintillation counting.
Hepatic glucose metabolism in vitro
Rat primary hepatocytes were obtained and cultured as described 
above and plated onto collagen-coated 24-well plates at a density of 
200,000 cells per well. The culture medium was changed after 1 hour 
to remove dead cells and again after 24 hours, when it was supple-
mented with 0.5 mM glucose and 10 nM insulin to induce glycogen 
synthesis. Twenty four hours later, the metabolism studies were 
performed. The hepatocytes were washed twice with GlycoBuffer 
[117.6 mM NaCl, 5.4 mM KCl, 0.82 mM Mg2SO4, 1.5 mM KH2PO4, 
20 mM Hepes, 9 mM NaHCO3, 0.1% (w/v) human serum albumin, 
and 2.25 mM CaCl2 (pH 7.4) at 37°C]. The cells were incubated for 
3 hours in 500 l of this buffer containing 15 mM glucose, 1 nM 
insulin, and concentrations of TTP399 ranging from 0 to 25 M. At 
the end of the incubation period, buffer was sampled for determina-
tion of lactate concentration. The cells were washed with cold 0.9% 
NaCl and lysed by freezing and thawing. Cellular glycogen was en-
zymatically hydrolyzed in situ by incubating cells for 2 hours with 
amyloglucosidase (50 U/ml) diluted in 0.2 M sodium acetate buffer 
(pH 4.8). After hydrolysis, 40 l of buffer was transferred to a 96-
well plate, and samples were neutralized by adding 0.25 mM NaOH. 
Glucose was measured with the hexokinase/glucose-6-phosphate 
dehydrogenase enzymatic assay. Protein content in culture dishes 
was determined after solubilization in 0.4 M KOH using a BioRad 
protein assay and human serum albumin as the standard. Results 
were expressed as percentage of increase in glycogen content com-
pared with control hepatocytes.
In vitro effect on insulin secretion in mouse pancreatic islet cells
Mouse islets were isolated and cultured as described in the Sup-
plementary Materials. Batches of 10 islets were preincubated in 
Krebs-Ringer bicarbonate Hepes buffer (KRBH) supplemented with 
3 mM glucose for 30 min, followed by 60-min incubation in KRBH 

with TTP399. Islets were then superfused after being added on top of 
a column consisting of 0.3 ml of Bio-Gel P-2 at a rate of 0.35 ml/min. 
The supernatant was collected in 96-well plates, and insulin was 
quantified by radioimmunoassay using rat insulin as the standard.
GK translocation
Fresh isolated primary rat hepatocytes were plated and cultured as 
described in the Supplementary Materials. Hepatocytes were treated 
with 1 or 3 M TTP399 or dimethyl sulfoxide in the presence of 5, 
15, or 25 mM glucose for 1 hour. After 1-hour treatment, cells were 
washed in phosphate-buffered saline (PBS), then fixed in 4% para-
formaldehyde (PFA) in PBS for 10 min, washed twice with PBS, and 
then permeabilized with 0.1% Triton X-100 in PBS for 5 min. After-
ward, cells were blocked in a PBS solution containing 5% bovine 
serum albumin (BSA) and 0.05% Triton X-100. Cells were probed 
with rabbit anti-GK antibody (H-88; sc7908, Santa Cruz Biotech-
nology) in PBS containing 1% BSA and 0.01% Triton X-100 for 1 hour, 
washed twice, and then probed with secondary goat anti-rabbit Alexa 
Fluor 488 antibody plus the nuclear stain Hoechst (Invitrogen) for 
1 hour. Stained cells were washed in PBS, and fluorescence was 
detected using the IN Cell Analyzer 2000 instrument (GE Healthcare 
Life Sciences). To detect the translocation of GK, the nuclear and 
cellular intensity of GK was determined using the multitarget anal-
ysis protocol (IN Cell analyzer software).
In vivo effect on plasma glucose and insulin
Wistar rats, in which indwelling arterial and venous catheters had 
previously been placed, were fasted overnight with free access to 
water. Arterial blood samples (115 l) were taken before and at 15, 
30, 45, 60, 75, 90, 120, 150, 180, and 240 min after dosing. Rats were 
dosed orally with vehicle (n = 7), TTP399 (n = 7200 mg/kg), or 
NNC80-0000-3281 (n = 4200 mg/kg, a nonliver-selective GKA). 
Blood samples were anticoagulated with EDTA and then centri-
fuged at 4°C. Plasma (10 l) was removed for determination of plasma 
glucose, and two 20 l aliquots were frozen on dry ice and kept at 
−80 °͢  C until they were assayed for plasma insulin concentrations.
Ob/ob mice
Male Umeå ob/ob mice, 9 to 11 weeks of age, were allocated into 
three groups (n = 14 per group) and were orally treated with vehicle 
(0.5% carboxymethylcellulose in water) or TTP399 (75 or 150 mg/kg 
per day) for 28 consecutive days. An additional group of nontreated 
lean (ob/+ or +/+) mice was included as comparators. Body weight 
and HbA1c were recorded weekly. Thirty-hour blood glucose and 
lactate profiles were obtained after the first and 22nd dose. Body 
composition (body fat), as determined by magnetic resonance 
scan, and blood insulin, leptin, and glucagon concentrations were 
measured before the start of treatment and at termination of dosing. 
At termination, blood was taken for analysis of HbA1c, insulin, 
glucose, leptin, glucagon, TGs, total cholesterol, HDL-C, free fatty 
acids, AST, and ALT. Livers were collected for determination of TGs, 
glycogen, GK protein content, and GK activity. The pancreata were 
excised, fixed in 4% PFA, fractionated by the “smooth fractionator” 
method (49), dehydrated, embedded in paraffin, sectioned, and 
stained for  cells and non– cells.  Cell and non– cell mass was 
determined by point counting stereological technique from two 
sections cut 250 m apart by an observer blinded to the origin of the 
slides (49).
Gottingen minipigs
Eight male and eight female Gottingen minipigs (Marshall BioResources), 
about 4 months of age, were randomized into groups of four mini-
pigs per sex per group, and either vehicle [0.5% hydroxypropyl 
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methylcellulose and 5% polyethylene glycol 400 (PEG-400) in water] 
or TTP399 (50 mg/kg per day) was administered orally for 91 con-
secutive days. Body weights were recorded weekly. Blood samples 
for evaluation of lactic acid and TG concentrations were collected 
from all animals (fasted) pretest and 2 hours after a dose on days 30, 
60, and 91. At study termination, liver samples were collected for 
evaluation of free glycerol, TG, and glycogen concentrations.

OGTTs were performed in three minipigs after treatment with 
metformin alone or metformin + TP399. Before the day of the meal 
challenge, minipigs were dosed for 7 days with twice-daily oral met-
formin (500 mg per dose) to mimic the clinical scenario of adminis-
tering TTP399 to patients on stable doses of metformin. Both drugs 
were administered by oral gavage, with TTP399 suspended in a vehicle 
of 0.5% hydroxypropyl methylcellulose and 5% PEG-400 in distilled 
water and with ground metformin tablets suspended in 0.5% Tween 
80 and 0.2% hydroxyethyl cellulose in 0.05 M sodium phosphate buffer 
(pH 8). Each formulation was administered at a dose volume of 5 ml/kg. 
One hour after treatment, each minipig received a glucose (1 g/kg; Karo 
Syrup) and food challenge (Certified Block Diet catalog no. 8753C, 
Harlan Sprague Dawley Inc.). Venous blood samples were taken be-
fore treatment, 1 hour after treatment (and before feeding), and 0.5, 
1, 2, 5, and 9 hours after the glucose and food challenge for determi-
nation of blood glucose and insulin concentrations.
Glucose and insulin determinations
Plasma glucose was measured with a glucometer. Plasma insulin 
concentrations were determined using species-specific solid phase 
two-site enzyme immunoassay on the basis of the sandwich tech-
nique. Standard samples were run in triplicate, and experimental 
samples were run in duplicate.
Statistical analysis
All experiments were performed in at least triplicate biological re-
peats, with data presented as means ± SEM, unless otherwise stated. 
For GK nuclear translocation in rat hepatocytes, significance was 
determined with the use of one-way analysis of variance (ANOVA), 
followed by Dunnett’s multiple comparison test. For experiments in 
ob/ob mice and Gottingen minipigs, statistical significance was as-
sessed by group comparison with the use of one-way ANOVA, fol-
lowed by Tukey’s post hoc test. For all, statistical significance was 
accepted at P < 0.05.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/475/eaau3441/DC1
Materials and Methods
Fig. S1. The effect of TTP399 on GK activity.
Fig. S2. TTP399 stimulation of glucose metabolism in isolated rat hepatocytes.
Fig. S3. Differential uptake of TTP399 into rat hepatocytes and  cells.
Fig. S4. The effect of TTP399 on HbA1c concentrations in diabetic Umeå ob/ob mice.
Fig. S5. Liver TG content in diabetic Umeå ob/ob mice after 4 weeks of treatment with TTP399.
Fig. S6. Effect of 4 weeks of treatment with TTP399 on body weight and food intake in diabetic 
Umeå ob/ob mice.
Fig. S7. The effect of metformin alone or metformin + TTP399 on blood glucose and insulin 
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trial with it in human patients, showing evidence of both efficacy and safety.
activator of glucokinase for oral treatment. They tested this activator in rats and in minipigs and then ran a clinical 

 designed a hepatoselectiveet al.treatment while minimizing adverse reactions such as hypoglycemia, Vella 
not been clinically successful because of side effects and limited efficacy. To improve the effectiveness of the 

Although glucokinase is a known therapeutic target in type 2 diabetes, previous attempts to activate it have
Diabetes drug homing in on the liver
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