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Abstract
Receptor-interacting protein kinase 1 (RIPK1) mediates necroptosis and inflam-
mation in various pathophysiologies, emerging as a pharmacological target for 
neurodegenerative and inflammatory indications. This phase I, first-in-human, 
placebo-controlled study evaluated the safety, pharmacokinetics (PKs), and phar-
macodynamics (PDs) of GFH312, an RIPK1 inhibitor, in healthy adults. Subjects 
received GFH312 as a single ascending dose up to 500 mg (part I) or once-daily 
repeated doses up to 200 mg for 14 days (part II). PKs were assessed using plasma 
and cerebrospinal fluid (CSF); PDs were assessed by phospho-RIPK1 levels. 
Seventy-six subjects were enrolled between April 2021 and June 2022: 38 (part 
I) and 19 (part II) received GFH312; 14 and five received placebo, respectively. 
At least one treatment-emergent adverse event (TEAE) occurred in 42.1% (part 
I) and 63.2% (part II) of subjects receiving GFH312, compared with 42.9% and 
40.0% of subjects receiving placebo, respectively. The most common TEAE was 
headache (21.1%). Two treatment-related TEAEs were reported in part I and 
four in part II. No serious TEAEs were reported. Systemic absorption was rapid; 
exposure (area under the concentration-time curve from time zero to the last 
measurable concentration and maximum plasma concentration) increased with 
dose level. The GFH312 CSF concentration post 100 mg single dose was approxi-
mately fourfold higher than the half maximal inhibitory concentration of human 
monocyte-derived macrophages necroptosis with expected central nervous sys-
tem penetration. Subjects receiving GFH312 had decreased phospho-RIPK1 lev-
els in peripheral blood mononuclear cells postdose. In conclusion, GFH312 was 
well-tolerated and demonstrated RIPK1 inhibition in healthy subjects. Ongoing 
studies will inform the use of GFH312 in potential indications.
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INTRODUCTION

Necroptosis is a regulated necrotic cell death mechanism 
that can be activated under apoptosis-deficient condi-
tions. It is controlled by the kinase activity of receptor-
interacting protein kinase 1 (RIPK1) and its downstream 
mediators, RIPK3 and mixed lineage kinase domain-like 
pseudokinase.1 Necroptosis and RIPK1 activity have been 
implicated in many diseases, including amyotrophic lat-
eral sclerosis (ALS),2 multiple sclerosis,3 Alzheimer's dis-
ease (AD),4,5 stroke,6,7 and others.8

As the activation of tumor necrosis factor receptor 
(TNFR) 1 leads to RIPK1 activation, RIPK1 inhibitors 
were initially developed as a small-molecule alternative to 
anti-TNF antibody therapies for TNF-driven autoimmune 
conditions.8,9 Anti-TNF therapeutics have failed in clinical 
trials for neurodegenerative diseases,10 possibly due to the 
blockage of TNFR2 signaling, which appears essential for 
neuroprotection.11 Given that RIPK1 inhibitors do not in-
hibit TNFR2,8,9 they may offer advantages over anti-TNF 
therapies in treating neurodegenerative diseases, such as 
AD, ALS, and Parkinson's disease.

RIPK1 has emerged as an important drug target as its 
kinase structure is highly amenable for developing specific 
pharmacological small-molecule inhibitors. Studies in mice 
have shown different RIPK1 kinase dead knock-in muta-
tions do not display significant developmental defects1; 
because necroptosis might be predominantly activated 
under pathological conditions, inhibiting this pathway is 
an attractive therapeutic option.1 Studies of necrostatins, 

small-molecule inhibitors of necroptosis, identified RIPK1 
as a potential pharmacological target for inhibiting necro-
ptosis8 and mediates deleterious inflammatory cell death 
mechanisms involved in the pathogenesis of various dis-
eases.9 In vivo studies have shown beneficial effects of 
RIPK1 inhibitors in myocardial ischemia and reperfusion 
injury settings.12–14 A few RIPK1 inhibitors have progressed 
to human clinical trials for the treatment of inflammatory 
and central nervous system (CNS) diseases.15–20

Here, we report results from the phase I first-in-
human study of GFH312 (Clini​calTr​ials.gov Identifier: 
NCT04676711), a highly selective small molecule target-
ing RIPK1 with potent in vitro inhibition of human RIPK1 
kinase activity, with a 50% inhibitory concentration (IC50) 
of 40 nM, that has shown potent anti-necroptosis effects in 
multiple cell line models, and protective effects in neuro-
logical and inflammatory disease models (F. Zhou, F. Xie, 
and Z. Huo, unpublished data).

METHODS

Study design

This was a phase I, first-in-human, randomized, double-
blinded, placebo-controlled study, comprising a single as-
cending dose stage (part Ia) with an additional food effect 
cohort (part Ib), and a multiple ascending dose stage (part 
II). The full trial protocol can be found in Appendix S1. 
The study was conducted at a single site between April 14, 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) is implicated in 
the pathophysiology of neurodegenerative and inflammatory conditions, and is 
a promising pharmacological target for treating neurological and inflammatory 
indications.
WHAT QUESTION DID THIS STUDY ADDRESS?
The study was a first-in-human assessment of the safety, pharmacokinetics, and 
pharmacodynamics of GFH312, an RIPK1 inhibitor, in healthy subjects after ad-
ministrating a single dose or multiple doses in a dose-escalating manner.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A single dose of up to 500 mg and repeated doses once daily for 14 days of up to 
200 mg was safe and showed promising RIPK1 inhibition in healthy subjects. The 
plasma concentration of GFH312 generally increased with increasing dosage.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The results demonstrated that GFH312 had a good safety profile, and will help 
inform future dose regimens in phase II studies for patients with neurological and 
inflammatory diseases.

http://clinicaltrials.gov
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2021, and June 8, 2022, in Melbourne, Australia. Healthy 
male and female subjects aged 18–55 years, weighing 
greater than or equal to 50 kg with a body mass index 
within 18–32 kg/m2 were eligible. All subjects provided 
written informed consent. Full inclusion and exclusion 
criteria are listed in Appendix S2.

In part Ia, subjects were randomized (3:1) to receive a 
single dose of either GFH312 or placebo. Seven ascending 
dose levels were sequentially tested: 5, 15, 45, 100, 200, 360, 
and 500 mg. Eight subjects were planned to be enrolled for 
each dose cohort; however, due to challenges in clinical 
operation during the coronavirus disease 2019 (COVID-19) 
pandemic, seven, seven, and six subjects were enrolled in 
the 100, 360, and 500 mg cohorts, respectively. To escalate 
to the next dose cohort, both the study investigator and 
sponsor had to deem the preceding dose cohort to have 
an acceptable safety profile. In part Ib, the 100 mg dose co-
hort in part Ia was selected as a food effect cohort, based 
on attainment of adequate exposure and safety margin. 
After receipt of their dosage in part Ia, subjects in the food 
effect cohort underwent a washout period of greater than 
or equal to 7 days before receiving a single 100 mg dose of 
GFH312 30 min after a standard high-fat meal. In part II, 
subjects were randomized (3:1) to receive either GFH312 
or placebo once daily (q.d.) for 14 days at doses of 60, 120, 
or 200 mg. Safety evaluations up to 72 h (part I) and 24 h 
(part II) after the last dose for at least six of the subjects 
from each dose cohort were assessed before escalating to 
the next dose. GFH312 concentration in the cerebrospinal 
fluid (CSF) samples from the 100 mg dose cohort from part 
I and 120 mg q.d. cohort from part II was analyzed.

Both the study team and subjects were blinded to the 
treatment allocation. GFH312 and matching placebo tab-
lets were prepared by GenFleet and administered by an 
unblinded pharmacist, based on a randomization list 
generated using block randomization by an independent 
unblinded statistician. The study protocol and any accom-
panying materials provided to the subject were reviewed 
and approved by the study's Human Research Ethics 
Committee. The study was conducted in accordance 
with the Declaration of Helsinki (Ethical Principles for 
Medical Research Involving Human Subjects); Integrated 
Addendum to International Conference on Harmonization 
(ICH) E6(R1): Guideline for Good Clinical Practice ICH 
E6(R2), annotated with comments by the Australian 
Therapeutic Goods Administration (TGA; 2018), and all 
other applicable regulatory requirements.

End points

The primary end point of the study was incidence of ad-
verse events (AEs) and serious AEs (SAEs), change in 

laboratory values, electrocardiogram (ECG), vital signs, 
and physical examinations. Secondary end points in-
cluded plasma concentration of GFH312 and pharma-
cokinetic (PK) parameters, CSF concentration, and CSF/
plasma ratio of GFH312 following single and repeat doses 
in a single cohort. Exploratory end points included change 
in pharmacodynamic (PD) biomarker phospho-RIPK1 
(pRIPK1), S166 levels in peripheral blood mononuclear 
cells (PBMCs), and expression changes in a cytokine 
panel, including macrophage inflammatory protein 1α/β, 
interleukin (IL)-35, IL-23, IL-6, IL-2, IL-33, and IL-1b in 
the CSF samples.

Safety assessment

Safety assessments included AEs, SAEs, physical exami-
nation, vital signs, 12-lead ECG and continuous telemetry, 
clinical laboratory measurements, weight, and pregnancy 
test. Part II also included suicide risk assessment using 
the Columbia-Suicide Severity Rating Scale (C-SSRS). 
The Study Monitoring Committee, which comprised the 
Principal Investigator and representatives from the spon-
sor and Contract Research Organization, reviewed the 
safety data before escalating to the next dose level.

All AEs were collected from the time the subject pro-
vided written informed consent, until 30 days after the last 
administration of the study drug. The National Cancer 
Institute Common Terminology Criteria for Adverse 
Events version 5.0 was used to assess the severity of AEs.

Pharmacokinetic assessments

Whole blood, CSF, and urine samples were analyzed by a 
validated liquid chromatography–tandem mass spectrom-
etry method, with a lower limit of quantification (LLOQ) 
of 2 ng/mL for plasma and urine, and 0.2 ng/mL for CSF. 
Timepoints for sample collection are detailed in Table S1. 
Blood samples were collected from all patients and centri-
fuged to extract plasma for PK determination. Urine sam-
ples were collected from subjects in part I.

The main PK parameters assessed included area under 
the concentration-time curve (AUC), maximum concen-
tration (Cmax), and time to maximum concentration (Tmax). 
The elimination rate constant (λz), and its derived param-
eters (e.g., AUC from time zero to infinity [AUC0–inf], ap-
parent clearance, apparent volume of distribution, and 
terminal half-life [t1/2]) were not reported if any of the 
following occurred: less than three data points, excluding 
Cmax, available at the terminal phase of the concentration-
time plot; adjusted coefficient of determination for the 
regression of λz less than 0.75; or percentage of AUC 
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extrapolation for the calculation of AUC0–inf greater than 
20%.

Pharmacodynamic assessments

Whole blood and CSF specimens were collected predose 
and at different timepoints postdose, as indicated in 
Table S1. The pRIPK1 was assessed by isolating PBMCs 
from whole blood samples that were collected in 2 × 8 mL 
sodium citrate cell preparation tubes and shipped to 360 
biolabs (Melbourne) at ambient temperature, stored at 
−80°C until analysis. The pRIPK1 concentration was 
measured by Meso Scale Discovery (MSD) enzyme-
linked immunosorbent assay. Analytes were bound to 
the capture antibody (biotinylated anti-RIP Clone 38, 
BD Cat #610459) and detected with an anti-pRIPK1 
antibody (anti-phospho-RIP [Ser166] [DIL3S] CST Cat 
#65746). A SulfoTag-conjugated secondary antibody 
was used before measuring luminescence (ECLu) on an 
MSD plate reader.

Statistical analysis

GFH312 plasma, urine, and CSF concentrations were 
summarized descriptively by nominal sampling times. PK 
parameters were calculated for each subject using a non-
compartmental method in Phoenix WinNonlin version 
8.3 (Certara), and summarized by dose level using descrip-
tive statistics. For part I, dose proportionality was assessed 
using a power model with log-transformed PK parameters 
of Cmax, AUC from time zero to the last measurable con-
centration (AUC0–t) and AUC0–inf as the dependent vari-
ables, and log-transformed dose level as the independent 
variable.

For PD data, due to their exploratory nature, no for-
mal statistical analysis was conducted. For summaries 
and analyses, values below the LLOQ were imputed as 
½*LLOQ.

Sample size

In parts I and II, eight subjects per dosing cohort were 
planned for enrollment, which is standard in first-in-
human studies, and sufficient to meet the safety objec-
tives. No formal sample size calculation was performed, 
and no power evaluation was provided. At a sample size 
of six subjects per cohort receiving GFH312, an AE of an 
underlying occurrence rate of greater than or equal to 30% 
had greater than or equal to 88% probability that at least 
one subject would report an AE.

RESULTS

Demographics

In part I, 52 subjects were enrolled, with 38 receiving 
GFH312 and 14 receiving placebo (Figure 1). Median age 
was 25.0 (range: 18–51) years, 53.8% of subjects were men, 
and 73.1% of the subjects were White. In part Ib, the wash-
out period was 17 days for six subjects and 18 days for one 
subject in the fed cohort. In part II, 24 subjects were en-
rolled, with 19 receiving GFH312 and five receiving pla-
cebo. Median age was 31.0 (range: 20–49) years, 62.5% of 
subjects were men, and 75.0% of the subjects were White. 
Baseline characteristics for parts I and II are described in 
Table 1. In total, one subject withdrew early from part I, 
and three subjects withdrew early from part II. One sub-
ject from the 120 mg q.d. cohort in part II withdrew on 
day 12 due to personal reasons (patient ID: 103-S255); 
a new subject (patient ID: 103-S309) was enrolled as a 
replacement.

Safety

Part I

Across part I, all subjects had 100% compliance (total dose 
administered divided by total planned dose, multiplied 
by 100) for GFH312. At least one treatment-emergent 
AE (TEAE) occurred in 16 of 38 (42.1%) subjects who re-
ceived GFH312 and six of 14 (42.9%) who received pla-
cebo. All TEAEs were grade 1 (mild) in severity (Table 2). 
Comparing the fasted (n = 5) and fed (n = 6) GFH312 
100 mg cohorts, three of five (60.0%) fasted subjects expe-
rienced at least one TEAE, whereas no TEAEs occurred 
for the fed subjects.

The most common TEAEs were procedural pain and 
headache, each occurring in three of 38 (7.9%) subjects 
in the GFH312 group. Most headache events lasted for 
1–2 days and resolved without medical intervention. 
Treatment-related TEAEs occurred in two of 38 (5.3%) 
subjects in the GFH312 group (headache and muscle 
twitching in one subject each) and two of 14 (14.3%) 
subjects in the placebo group (diarrhea and muscle 
twitching in one subject each). All muscle twitching 
events were transient and resolved without medical in-
tervention. Full information on TEAEs by dose cohort 
is presented in Tables  S2 and S3; information on AEs 
for each patient is presented in Table S4. There were no 
clinically significant abnormalities reported for labora-
tory measures, vital signs, physical findings or ECG re-
cordings, and no SAEs or TEAEs leading to treatment 
discontinuation.
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Part II

Across part II, the mean compliance for GFH312 was 
92.9%. At least one TEAE occurred in 12 of 19 (63.2%) 
subjects who received GFH312 and two of five (40.0%) 
subjects who received placebo (Table 2). Of the GFH312 
group, the highest severity of TEAEs was grade 1 in 11 
(57.9%) subjects, and grade 2 in three subjects (15.8%; one 
receiving 60 mg q.d. had positional vertigo, one receiving 

200 mg q.d. had increased blood creatinine, and one re-
ceiving 120 mg q.d. had back pain); all TEAEs in the pla-
cebo group were grade 1.

The most common TEAE was headache, occurring 
in four of 19 (21.1%) subjects in the GFH312 group; two 
were from the GFH312 120 mg q.d. group who had under-
gone lumbar puncture for CSF sampling. All headache 
events resolved in 1 day without medication intervention. 
Cardiac TEAEs occurred in two of 19 (10.5%) subjects 

F I G U R E  1   Study flow diagram. aOne subject mistakenly received placebo in Part Ib. bOne subject withdrew early due to travel 
restrictions during the coronavirus disease 2019 (COVID-19) pandemic. cOne subject discontinued treatment early due to adverse events. 
dOne subject withdrew due to personal reasons. CSF, cerebrospinal fluid; PK, pharmacokinetics; QD, once daily.

Allocated to placebo (n=14)

Allocated to GFH312 5 mg (n=6)

Allocated to GFH312 15 mg (n=6)

Allocated to GFH312 45 mg (n=6)

Allocated to GFH312 100 mg (fasted)
(n=5)

Allocated to GFH312 200 mg (n=6)

Allocated to GFH312 100mg (fed) (n=6a)

Allocated to GFH312 360 mg (n=5b)

Allocated to GFH312 500 mg (n=4)

Full analysis set (n=52)

Safety analysis set (n=52)

PK analysis set
• Plasma PK available (n=38)
• Urine PK available (n=26)
• CSF PK available (n=5)

Total enrolled (n=52)

PK analysis set
• Plasma PK available (n=19)
• CSF PK available (n=6)

Allocated to GFH312 200 mg QD (n=6c)

Allocated to GFH312 120 mg QD (n=7d)

Allocated to GFH312 60 mg QD (n=6c)

Allocated to placebo (n=5c)

Total enrolled (n=24)

Full analysis set (n=24)

Safety analysis set (n=24)

Part I

Part II
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who received GFH312 and one of five (20.0%) subjects 
who received placebo, which were cases of transient ar-
rhythmias that were assessed to be unrelated to the study 
drug by the investigator. In the GFH312 group, four of 19 
(21.1%) subjects had treatment-related TEAEs: one subject 
had elevated blood creatinine (Grade 2) and three sub-
jects experienced headache (all Grade 1). In the placebo 
group, 1/5 (20.0%) subject had a treatment-related TEAE 
of muscle twitching. There was a trend for elevations in 
serum creatinine in higher-dose cohorts, both in absolute 
terms and in proportion to the baseline value. The pro-
portionate increase appeared similar in both the GFH312 
and placebo groups, although the highest absolute serum 
creatinine values were seen in subjects who received the 
highest dose of GFH312 (200 mg q.d.), including two sub-
jects whose creatinine level was above the upper limit of 
normal. There were no trends observed for serum urea 
levels, no significant abnormalities of the urinalysis in 
any subject, and the serum creatinine levels decreased to-
ward baseline in all subjects after cessation of study drug. 
No other clinically significant abnormalities in the safety 
parameters, including suicide risk assessment using C-
SSRS, were reported in part II. No SAEs were reported. 
Three subjects had TEAEs that led to discontinuation of 
the study drug, with two subjects in the GFH312 group 
experiencing TEAEs of elevated blood creatinine and 

ventricular tachycardia, respectively, and one subject in 
the placebo group experiencing muscle twitching, proce-
dural pain, paresthesia, and burning sensation following a 
lumbar puncture.

Pharmacokinetic

Part I

A summary of the PK parameters of GFH312 for part I 
is shown in Table  3. Systemic absorption of GFH312 
was rapid, with concentrations exceeding LLOQ occur-
ring at the first PK timepoint of 30 min for all dose co-
horts (Figure 2a). Median Tmax ranged from 2.1 to 6.0 h. 
Geometric mean AUC0–t and Cmax post-single dose ranged 
from 1072.9 to 30,890.5 h ng/mL and 118.1 to 1294.9 ng/
mL, respectively. The drug was not dose proportional 
across dose cohorts of 5–500 mg. The dose-proportionality 
assessment for dose cohorts of 45–360 mg reported a 
slope of 0.91 (90% confidence interval [CI]: 0.71–1.12) 
for AUC0–t, 0.87 (90% CI: 0.64–1.09) for AUC0–inf, and 
0.63 (90% CI: 0.47–0.79) for Cmax. The AUC increased 
in an approximately proportional manner, but Cmax in-
creased slightly less than proportionally for dose cohorts 
of 45–360 mg. The 500 mg cohort had comparatively lower 

T A B L E  1   Demographic and baseline characteristics in part I and part II.

Part I Part II

GFH312 Placebo Total GFH312 Placebo Total

(N = 38) (N = 14) (N = 52) (N = 19) (N = 5) (N = 24)

Age, years, 
mean ± SD

28.5 ± 9.1 24.7 ± 7.1 27.5 ± 8.7 32.2 ± 7.8 33.8 ± 6.3 32.5 ± 7.4

Sex, n (%)

Female 20 (52.6) 4 (28.6) 24 (46.2) 5 (26.3) 4 (80.0) 9 (37.5)

Male 18 (47.4) 10 (71.4) 28 (53.8) 14 (73.7) 1 (20.0) 15 (62.5)

Race, n (%)

White 27 (71.1) 11 (78.6) 38 (73.1) 13 (68.4) 5 (100.0) 18 (75.0)

Asian 10 (26.3) 3 (21.4) 13 (25.0) 2 (10.5) 0 2 (8.3)

American Indian 
or Alaskan 
native

1 (2.6) 0 1 (1.9) 3 (15.8) 0 3 (12.5)

Black or African 
American

0 0 0 1 (5.3) 0 1 (4.2)

Weight, kg, 
mean ± SD

69.2 ± 12.5 73.2 ± 11.5 70.3 ± 12.2 74.5 ± 11.3 73.1 ± 7.5 74.2 ± 10.5

Height, cm, 
mean ± SD

171.7 ± 12.3 173.8 ± 7.5 172.2 ± 11.2 173.9 ± 7.5 171.8 ± 8.2 173.5 ± 7.5

BMI, kg/m2, 
mean ± SD

23.4 ± 2.6 24.2 ± 3.1 23.6 ± 2.8 24.6 ± 3.3 25.0 ± 4.0 24.7 ± 3.4

Abbreviations: BMI, body mass index; SD, standard deviation.
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dose-normalized exposure, possibly due to saturation in 
drug absorption. The intersubject variability was high, 
with the coefficient of variation ranging between 9.4 and 
52.8% for Cmax, 16.8 and 62.3% for AUC0–t, and 16.9 and 
62.4% for AUC0–inf.

Geometric mean t1/2 were similar between the 5 mg 
(6.2 h) and 15 mg (7.2 h) dose groups. Over the dose lev-
els of 45–360 mg, geometric mean t1/2 was approximately 
consistent in fasted condition, ranging from 11.0 to 16.4 h; 
for the 500 mg dose cohort, geometric mean t1/2 was 17.6 h.

Compared with the fasted 100 mg cohort, the fed cohort 
had more rapid systemic absorption (median Tmax 4.0 vs. 
6.0 h) and a higher geometric least squares (LS) mean Cmax 
(816.2 vs. 549.5 mg/mL). Geometric LS mean AUC0–t was 
comparable between the fed and fasted cohorts (Table S5).

Mean (±SD) CSF concentration of GFH312 in the 
100 mg dose group was 26.6 (±9.0) ng/mL at 4 h post-
dose, and 24.4 (±15.4) ng/mL at 8 h postdose. Mean CSF/
plasma concentration ratio was 0.056 and 0.058 at 4 and 
8 h postdose, respectively; the mean CSF/plasma free con-
centration ratio was 2.98 and 3.09 at 4 and 8 h postdose, 

respectively (Table  S6). The urine PK parameters of 
GFH312 are presented in Table  S7. Overall, mean urine 
concentration of GFH312 increased with increasing dose 
administered, and the cumulative urinary excretion of 
GFH312 was low across all dose levels.

Part II

Mean plasma concentrations of GFH312 over time on 
day 1 and day 14 are shown in Figure  2b,c. Similar to 
the single-dose cohorts in part I, systemic absorption of 
GFH312 was rapid, with concentrations exceeding LLOQ 
occurring at the first PK timepoint of 30 min for all dose 
cohorts (Table  4). Median Tmax ranged from 4.0 to 4.1 h 
on day 1 and median steady-state Tmax,(ss) ranged from 
2.0 to 4.0 h on day 14. Geometric mean Cmax ranged from 
587.7 to 946.1 ng/mL on day 1 and geometric mean Cmax,ss 
ranged from 738.0 to 1290.2 ng/mL on day 14; geometric 
mean Cmax,ss increased with increasing GFH312 doses. 
The accumulation ratio (RACmax and RAAUC) was less 

T A B L E  2   Summary of treatment-emergent adverse events.

Adverse events, n (%)a

Part I Part II

GFH312 Placebo GFH312 Placebo

(N = 38) (N = 14) (N = 19) (N = 5)

Any grade Grade 2 Any grade Grade 2 Any grade Grade 2 Any grade Grade 2

Any TEAEs 16 (42.1%) 0 6 (42.9%) 0 12 (63.2%) 3 (15.8%) 2 (40.0%) 0

TEAEs which occurred in ≥2 subjects in GFH312 group or TEAEs with severity of grade 2

Headache 3 (7.9%) 0 1 (7.1%) 0 4 (21.1%) 0 1 (20.0%) 0

Procedural pain 3 (7.9%) 0 1 (7.1%) 0 2 (10.5%) 0 1 (20.0%) 0

Muscle twitching 2 (5.3%) 0 1 (7.1%) 0 0 0 1 (20.0%) 0

Post-procedural 
complication

0 0 1 (7.1%) 0 2 (10.5%) 0 0 0

Nausea 0 0 0 0 2 (10.5%) 0 0 0

Back pain 0 0 0 0 2 (10.5%) 1 (5.3%) 0 0

Positional vertigo 0 0 0 0 1 (5.3%) 1 (5.3%) 0 0

Blood creatinine 
increased

0 0 0 0 1 (5.3%) 1 (5.3%) 0 0

Treatment-related TEAEs

Any TEAEs 2 (5.3%) 0 2 (14.3%) 0 4 (21.1%) 1 (5.3%) 1 (20.0%) 0

Diarrhea 0 0 1 (7.1%) 0 0 0 0 0

Muscle twitching 1 (2.6%) 0 1 (7.1%) 0 0 0 1 (20.0%) 0

Headache 1 (2.6%) 0 0 0 3 (15.8%) 0 0 0

Blood creatinine 
increased

0 0 0 0 1 (5.3%) 1 (5.3%) 0 0

Note: TEAEs are defined as adverse events that occurred following the first administration of study medication.
Abbreviation: TEAE, treatment-emergent adverse event.
aNo ≥grade 3 adverse events were observed in the study.
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F I G U R E  2   Plasma concentration over time for GFH312. (a) Plasma concentration after a single dose of GFH312 in part I, linear scale. 
(b) Plasma concentration after a single dose of GFH312 in part I, log scale. (c) Plasma concentration after the first dose of GFH312 in part II. 
(d) Plasma concentration of GFH312 at steady-state on day 14 in part II. LLOQ, lower limit of quantification; QD, once daily.
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than two-fold across all dose cohorts, indicating limited 
accumulation following multiple GFH312 doses.

The mean (±SD) CSF concentration of GFH312 in the 
120 mg q.d. dose group at day 14 was 58.2 (±15.1) ng/mL 
at 4 h post-dose. Mean (±SD) CSF to plasma concentration 
ratio and mean (±SD) CSF to plasma free concentration 
ratio for GFH312 at day 14, 4 h postdose, was 0.07 (±0.02) 
and 3.59 (±0.89), respectively (Table S6).

PD analysis

In part I, subjects in the GFH312 group achieved up to 
80% decrease from baseline in pRIPK1 level at 2 h, which 
was maintained for over 24 h. In part II, subjects in the 
GFH312 group achieved sustained decrease in pRIPK1 
level during the 14-day daily dosing period, and a par-
tial recovery was observed 1 day post-last dose (Figure 3). 
Cytokine levels were generally below the LLOQs both at 
baseline and after 14 days of dosing. The only exception 
was IL-6, which was detected in three pre- or postdose 
samples from different subjects and was not considered 
meaningful.21

DISCUSSION

This study was the first-in-human assessment of the safety, 
PKs, and PDs of GFH312, a small molecule targeting 
RIPK1. A single dose of up to 500 mg and repeated doses 
of up to 200 mg q.d. for 14 days were evaluated and found 
to be safe, with promising PD data in healthy subjects. 
There was high intersubject variability in PK parameters 
across all dose cohorts, but generally plasma concentra-
tions increased with increasing doses of GFH312.

Safety

GFH312 was well-tolerated for single doses up to 500 mg 
and repeat doses up to 200 mg q.d., with no reports of seri-
ous TEAEs or life-threatening or fatal events with single 
or multiple doses (Table 2). In the single-dose cohorts, all 
TEAEs were grade 1 in severity. There was no apparent 
trend of increasing frequency or severity of treatment-
related TEAEs with increasing dose, and the proportion 
of TEAEs was similar between treatment and placebo 
groups. In the multiple-dose cohorts, there was a trend 

GFH312 GFH312 GFH312

60 mg q.d. (N = 6) 120 mg q.d. (N = 7) 200 mg q.d. (N = 6)

Day 1, geomean (geoCV%)

Cmax (ng/mL) 587.7 (61.0) 587.8 (63.1) 946.1 (47.9)

Tmax (h)a 4.0 (4.0–4.1) 4.0 (2.0–23.7) 4.1 (2.0–8.3)

AUC0–t (h ng/mL) 7770.9 (50.4) 8473.9 (40.9) 13,031.9 (35.1)

Day 14, geomean (geoCV%)

Cmax,ss (ng/mL) 738.0 (22.5)b 921.7 (28.3)c 1290.2 (29.0)e

Cmin,ss (ng/mL) 249.3 (51.3)b 362.8 (32.6)c 543.6 (33.5)e

Tmax,ss (h)a 4.0 (1.0–4.1)b 2.0 (2.0–3.9)c 4.0 (2.0–4.0)e

AUC0–tau (h ng/mL) 10,656.5 (34.4)b 12,973.5 (24.1)c 18,963.7 (30.6)e

RAAUC 1.3 (39.3)b 1.3 (55.2)d 1.6 (35.2)f

RACmax 1.1 (47.4)b 1.5 (62.4)c 1.2 (45.8)e

Abbreviations: AUC0–t, area under the drug concentration-time curve from time zero to the last 
quantifiable concentration; AUC0–tau, area under the drug concentration-time curve from time zero to 
end of dosing period; AUC0–24, area under the drug concentration-time curve from time zero to 24 h; 
Cmax, maximum concentration; Cmax,ss, maximum concentration at steady-state; Cmin,ss, minimum 
concentration at steady-state; geoCV%, geometric coefficient of variation; geomean, geometric mean; PK, 
pharmacokinetic; QD, once daily; RAAUC, accumulation ratio calculated by AUC; RACmax, accumulation 
ratio calculated by Cmax; Tmax, time to maximum concentration; Tmax,ss, time to maximum concentration 
at steady-state.
aTmax and Tmax,ss are reported as median (range).
bn = 5, one subject discontinued treatment on day 7 due to adverse event.
cn = 6, one subject discontinued treatment on day 12 due to personal reasons.
dn = 5, one subject discontinued treatment on day 12 due to personal reasons, and for another subject, 
AUC0–24 on day 1 and RAAUC could not be calculated.
en = 5, one subject discontinued treatment on day 8 due to an adverse event.
fn = 3, for three subjects, AUC0–24 on day 1 and RAAUC could not be calculated.

T A B L E  4   GFH312 PK parameters 
postdose on day 1 and day 14 in part II.
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toward an increase in frequency of treatment-related 
TEAEs with increasing dose; however, the study was not 
powered to conclude significant differences in treatment-
related TEAEs between doses due to the small sample size.

In part II, four subjects receiving GFH312 had TEAEs 
classified as “injury, poisoning, and procedural complica-
tions”: two (10.5%) were post-procedural complication, 
two (10.5%) were procedural pain, and one (5.3%) was 
procedural headache (Table  S3). All four subjects were 
from the GFH312 120 mg q.d. cohort who underwent 
lumbar puncture for CSF sampling, and the TEAEs were 
likely due to the procedure. In comparison, procedural 
pain occurred in one subject from the 120 mg placebo 
group. In part II, mean creatinine levels were elevated for 
all GFH312 dose levels and in the placebo group, but still 
within the normal range. Some possible explanations for 
the elevated levels were discussed by the Safety Review 
Committee, including strenuous exercise, meals rich in 
creatinine, GFH312 effect on renal blood flow or inhibi-
tion of creatinine excretion through renal transporters, 

and interference of GFH312 or the excipients with creati-
nine assay, but no definite conclusions can be made at this 
stage. There is currently no evidence that GFH312 affects 
the musculoskeletal system; based on the TEAEs classified 
as musculoskeletal and connective tissue disorders in the 
study, only three cases of muscle twitching were consid-
ered related to GFH312 treatment, in which one occurred 
after the lumbar puncture procedure. The subjects did not 
have any symptoms or laboratory abnormalities indica-
tive of rhabdomyolysis. Moreover, another recent study in 
healthy Chinese subjects showed that subjects receiving 
GFH312 did not experience an increase in creatinine lev-
els or musculoskeletal system AEs (unpublished data). To 
our knowledge, there is no clinical evidence demonstrat-
ing that RIPK1 inhibitors have an increased risk of rhab-
domyolysis or other musculoskeletal AEs.

Similar to GFH312, other RIPK1 inhibitors, such as 
SAR443060 and GSK2982772, were found to be well-
tolerated in healthy subjects, with all TEAEs rated as mild 
or moderate, and no SAEs reported.18,20

F I G U R E  3   The pRIPK1 mean change (±SD) from baseline in (a) part I and (b) part II. D, day; pRIPK1, phospho-receptor-interacting 
serine/threonine-protein kinase 1; pre, predose; SD, standard deviation.
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Pharmacokinetics

With a single dose of GFH312, the mean plasma concentra-
tion of GFH312 increased with dose level, except between 
the 15 and 45 mg dose levels (Figure 2a). Exposures (AUC0–t 
and Cmax) increased with increasing dose over the 5–360 mg 
range, but did not increase when dosage was increased from 
360 to 500 mg (Table 3), which may be due to saturation in 
drug absorption at dose levels above 360 mg, or due to small 
sample size. Both 5 and 15 mg cohorts had substantially 
higher dose-normalized exposure than other dose cohorts; in 
these cohorts, GFH312 was administered with 5 mg tablets. 
For the 45 mg dose cohort, one 5 mg tablet and two 20 mg 
tablets were used, and in cohorts above 45, 20 and 100 mg 
tablets were used. Hence, the higher dose-normalized ex-
posure in the 5 and 15 mg cohorts could be due to the use 
of 5 mg tablets, which may have a higher rate and extent of 
drug absorption than the 20 and 100 mg tablets. This is sup-
ported by the results of an in-house in vitro analysis, which 
showed that GFH312 5 mg tablets underwent faster dissolu-
tion compared with the 20 and 100 mg tablets.

There was no food effect on AUC0–t and AUC0–inf (ratio 
of geometric least squares means 1.03; 90% CI: 0.91–1.16), 
but systemic absorption of GFH312 after dosing on day 1 
for the fed cohort was more rapid than that for the fasted 
cohort (Table S5). Mean Cmax for the 100 mg cohort was 
higher for the fed cohort than the fasted cohort, which 
may be caused by a greater absorption rate of GFH312 
under fed status.

In part II, at days 7, 13, and 14 predose, geometric 
mean concentrations were similar within each dose level, 
suggesting that the plasma concentration approached 
steady-state ~7 days after administration. On day 1, mean 
Cmax and AUC0–t were similar between 60 mg q.d. and 
120 mg q.d. cohorts, but higher for the 200 mg q.d. cohort 
(Table 4). There was an obvious increment in GFH312 ex-
posure post-first dose on day 1 and at steady-state on day 
14 when increasing dosage from 120 to 200 mg q.d.; how-
ever, the increase in exposure was less than proportional 
compared with the increase in dose. PK exposure on day 1 
in the 60 mg q.d. cohort was comparable with the 100 mg 
single-dose and 120 mg q.d. cohorts. Moreover, the Cmax,ss, 
Cmin,ss, and AUCo–tau on day 14 were similar between the 
60 mg q.d. and 120 mg q.d. cohorts, and the Cmax/dose and 
AUC0–t/dose at steady-state was much higher for the 60 mg 
q.d. cohort than the 120 and 200 mg q.d. cohorts. No poten-
tial factors have been found to explain the high exposure in 
the 60 mg q.d. cohort after analyzing demographics, data 
checking formulation profile and dosing information, and 
investigating the bioanalytical process of PK samples.

The GFH312 CSF concentration of subjects after a 
single 100 mg dose was approximately four-fold higher 

than the IC50 of human monocyte-derived macrophages 
necroptosis. Together with the CSF/plasma concen-
tration ratio and CSF/plasma free concentration ratio 
in both parts I and II, these results confirmed that 
GFH312 has CNS penetration, signifying the potential 
of GFH312 as a treatment for neurodegenerative condi-
tions.2,4,5 Further studies investigating GFH312 in these 
disease states would be warranted to clarify the under-
lying mechanisms.

Pharmacodynamics

In this study, all dose levels of GFH312 in both parts I 
and II resulted in a rapid decrease of pRIPK1 levels from 
baseline, whereas subjects in the placebo group main-
tained a consistently low or undetectable pRIPK1 level 
(Figure  3), which is expected, given that the subjects 
in the study were healthy volunteers. A single dose of 
5 mg GFH312 caused the pRIPK1 level to fall below the 
LLOQ, which restricted further analysis of PK-PD cor-
relations. The decrease in pRIPK1 levels was sustained 
for 24 h postdose for part I, and from day 1 to day 14 for 
part II. The PD results indicate that GFH312 at a dose 
level as low as 5 mg is sufficient to produce an effective 
and sustained inhibition of pRIPK1; as pRIPK1 expres-
sion is a reliable indicator of RIPK1 kinase activity,22,23 
GFH312 could potentially be used in neurodegenera-
tive and inflammatory diseases that involve activation 
of RIPK1 and necroptosis.8,9,12 Low or undetectable cy-
tokine levels were observed in most patients, which is 
expected in healthy subjects.

CONCLUSION

In conclusion, a single dose of up to 500 mg and repeated 
doses of up to 200 mg q.d. for 14 days of GFH312 were 
safe and showed promising RIPK1 inhibition in healthy 
subjects. There was high intersubject variability in PK 
parameters, but plasma levels generally increased with 
increasing doses of GFH312. The CSF data suggest that 
GFH312 has exposure in the CNS, and may potentially be 
useful for treating neurological indications. These data 
suggest that GFH312 is a promising agent that targets 
RIPK1 with a large therapeutic window, and will inform 
dose regimens in proposed future studies.
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