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ABSTRACT This study is aimed to evaluate the safety, tolerability, and pharmacokinetics 
(PK), as well as to select an appropriate dosing regimen for the pivotal clinical trial 
of GST-HG171, an orally bioavailable, potent, and selective 3CL protease inhibitor by a 
randomized, double-blind, and placebo-controlled phase I trial in healthy subjects. We 
conducted a Ph1 study involving 78 healthy subjects to assess the safety, tolerability, and 
PK of single ascending doses (150–900 mg) as well as multiple ascending doses (MADs) 
(150 and 300 mg) of GST-HG171. Additionally, we examined the food effect and drug–
drug interaction of GST-HG171 in combination with ritonavir through a MAD regimen 
of GST-HG171/ritonavir (BID or TID) for 5 days. Throughout the course of these studies, 
no serious AEs or deaths occurred, and no AEs necessitated study discontinuation. We 
observed that food had no significant impact on the exposure of GST-HG171. However, 
the presence of ritonavir substantially increased the exposure of GST-HG171, which 
facilitated the selection of the GST-HG171/ritonavir dose and regimen (150/100 mg 
BID) for subsequent phase II/III trials. The selected dose regimen was achieved through 
concentrations continuously at 6.2–9.9-fold above the levels required for protein-binding 
adjusted 50% inhibition (IC50) of viral replication in vitro. The combination of 150 mg 
GST-HG171/100 mg ritonavir demonstrated favorable safety and tolerability profiles. 
The PK data obtained from GST-HG171/ritonavir administration guided the selection of 
appropriate dose for a pivotal phase II/III trial currently in progress. (This study has been 
registered at ClinicalTrials.gov under identifier NCT05668897).

KEYWORDS clinical trial, population pharmacokinetics, SARS-CoV-2, GST-HG171, 
COVID-19

S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible 
for the global coronavirus disease 2019 (COVID-19) pandemic, which emerged in 

December 2019 and quickly spread worldwide (1–3). Various antiviral strategies have 
been explored, including direct inhibition of viral proteins such as RNA-dependent 
RNA polymerase (RdRp) and the main protease (Mpro or 3C-like protease, 3CLpro), as 
well as interference with host enzymes like angiotensin-converting enzyme two and 
immunoregulatory pathways, such as the Janus kinase/signal transducer and activator of 
transcription pathway (1).

The Mpro or 3CL protease of SARS-CoV-2 is an attractive target for viral inhibitors due 
to its crucial role in processing viral polyproteins, its high conservation in SARS-CoV-2, 
and its limited potential for off-target activity in humans (4–7). Nirmatrelvir, an oral 
antiviral treatment authorized for treating COVID-19 in 2021, is an inhibitor of the 
SARS-CoV-2 Mpro (4). However, given the large number of infections globally, many 
patients cannot afford antiviral drugs. In addition, SARS-CoV-2 has strong potential to 
escape human immune system via constant variations/mutations of its viral genome. 
Therefore, there is still an urgent need for developing more orally administered therapies 
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that are safe, effective, and affordable, and can be self-administered at home, particularly 
for individuals at high risk of severe illness. In this context, GST-HG171, designed for oral 
administration, has shown potent and specific inhibition of Mpro enzymatic activity and 
antiviral activity across a diverse spectrum of coronaviruses in preclinical assays.

In preclinical cellular assays, we determined the in vitro 50% effective concentra
tions (EC50) of nirmatrelvir with protein-binding adjustment were 840.25, 190.07, and 
560.17 ng/mL toward wild type, omicron BA.4, and omicron BA.5 variants of SARS-CoV-2, 
respectively, whereas the corresponding values for GST-HG171 were 149.68, 93.22, and 
131.87 ng/mL, respectively (to be published elsewhere). Thus, the antiviral activity of 
GST-HG171 is 2.0–5.6 times greater than that of nirmatrelvir (8). Indeed, the difference in 
efficacy of GST-HG171 depends on the specific sub-variants of SARS-CoV-2. In a murine 
SARS-CoV-2 model, the oral administration of GST-HG171 demonstrated dose-depend
ent reduction of pulmonary viral titers and tissue pathology, with similar or better 
effects compared to nirmatrelvir at the same dose (to be published elsewhere). Since 
GST-HG171 is primarily metabolized by cytochrome P450 3A4 (CYP3A4), it was unclear 
if the concentrations of GST-HG171 could achieve sufficient higher coverage of the 
in vitro EC50 with protein-binding adjustment in humans. To assess this, the study 
included groups with or without a combination with ritonavir, a pharmacokinetic (PK) 
enhancing agent, which could lead to the attainment of efficacious concentrations 
(8–10). Additionally, population PK models were used in this study to monitor drug 
concentrations in real time and to predict dosing regimens to achieve ECs, ultimately 
informing the design of the phase II/III clinical studies.

This study aimed to examine the safety, tolerability, and PK of GST-HG171, with 
or without a combination with ritonavir (a PK enhancer) in healthy adults. The study 
facilitated the selection of an appropriate dose of GST-HG171 with its plasma concentra
tions sufficiently above the in vitro EC50 with protein-binding adjustment. The dose 
150 mg BID of GST-HG171 in combination with 100 mg of ritonavir may achieve an 
optimal therapeutic effect for treating COVID-19 patients and has been recommended 
for the large pivotal phase II/III trial currently in progress in China.

RESULTS

A total of 78 subjects were enrolled in this study, all of whom completed the drug 
administration and were included in the safety analysis set. Among them, 32 subjects 
were enrolled in the single ascending dose (SAD) study, 8 subjects were enrolled in the 
drug–drug interaction (DDI) study, 14 subjects were enrolled in the food effect study, and 
32 subjects were enrolled in the multiple ascending dose (MAD) study (Fig. 1).

Demographics

The mean ages of the participants were 34.4 ± 9.6, 37.8 ± 11.9, 32.3 ± 7.6, and 33.6 ± 
7.3 years in the SAD, food effect, DDI, and MAD groups, respectively. The mean body 
mass index (BMI) values of the subjects in these groups were 23.48 ± 2.50, 23.84 ± 2.69, 
24.19 ± 2.55, and 23.45 ± 2.12 kg/m2, respectively. In these groups, the sex ratios were 
similar, with a 1:1 male-to-female ratio. Almost all participants were Han Chinese. The 
demographic data were balanced among the different study groups. All participants 
successfully completed the study, and the demographic data of the MAD study are 
presented in Table 1.

Safety and tolerability

The results showed that the drug was well tolerated after administration, with no reports 
of serious adverse events (AEs) or AEs that led to withdrawal after dosing. There were 
no severe AEs of grade III or above (CTC-AE version 5.0). Five drug-related AEs were 
categorized as grade II (hypertriglyceridemia at MAD study of GST-HG171 300 mg BID 
and DDI study of GST-HG171 150 mg, low white blood cell count and low neutrophil 
count at MAD study of GST-HG171 150 mg/RTV BID, and hypoglycemia at MAD study 
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of GST-HG171 300 mg/RTV). The grade II occurred in four subjects, while the other 
drug-related AEs were classified as grade I. There was no clear correlation between the 
incidence of AEs and the dose of GST-HG171. The majority of AEs resulted in complete 
recovery without any lasting effects.

SAD study

In SAD study, 5 out of 8 subjects (62.5%) in the placebo group experienced AEs; while 
in the GST-HG171 group, 5 out of 24 subjects (20.8%) had six drug-related AEs. The 
incidence of AEs was slightly lower in the GST-HG171 group compared to the placebo 
group (Table S1).

FIG 1 Flow-chart depicting the parameters examined in this study.

TABLE 1 Baseline demographics of the multiple ascending dose studya

Baseline parameter GST-HG171 (300 mg) 
BID (N = 6)

GST-HG171 (150 mg)/RTV 
(100 mg) BID (N = 6)

GST-HG171 (300 mg) 
TID (N = 6)

GST-HG171 (300 mg)/RTV 
(100 mg) (N = 6)

Placebo
(N = 8)

Age, mean ± SD (years) 36.2 ± 8.6 33.2 ± 8.2 7 ± 6.6 37.5 ± 8.0 37.0 ± 6.5
Sex (N (%)) 3 (50.0) 3 (50.0) 3 (50.0) 3 (50.0) 4 (50.0)
Ethnicity of Asians (N (%)) 5 (83.3) 6 (100) 6 (100) 5 (83.3) 7 (87.5)
Weight, mean ± SD (kg) 65.42 ± 11.98 59.03 ± 6.49 65.98 ± 7.48 63.72 ± 12.46 63.55 ± 7.37
BMI, mean ± SD (kg/m2) 23.58 ± 2.39 22.20 ± 1.72 24.53 ± 1.59 23.32 ± 2.53 23.59 ± 2.20
aBID, drug administration every 12 h; BMI, body mass index; RTV, ritonavir; TID, drug administration every 8 h.
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DDI study

Five out of eight subjects (62.5%) experienced seven drug-related AEs, including 
hypertriglyceridemia (25%), abdominal pain (12.5%), diarrhea (12.5%), rash (12.5%), and 
hypoalbuminemia (12.5%) in the DDI study. In the placebo group, one subject (50.0%) 
experienced two AEs; while in the GST-HG171 group, four subjects (66.7%) experienced 
five AEs. The incidence of AEs was similar between the two groups. In the GST-HG171 
group, four subjects either in the first period treated with GST-HG171 or in the second 
period treated with GST-HG171/ritonavir had drug-related AEs, and the incidence was 
similar in both treatment groups.

Food effect study

Five subjects (35.7%) experienced seven drug-related AEs in food effect study, includ
ing hypertriglyceridemia (21.4%), increased alanine aminotransferase (7.1%), increased 
aspartate aminotransferase (7.1%), albuminuria (7.1%), and increased creatinine (7.1%). 
In the GST-HG171 group, two subjects (16.7%) experienced two AEs under the fasting 
conditions, and two subjects had three AEs under the fed conditions. The incidences of 
AEs under the fasting and fed conditions were comparable.

MAD study results

Within the placebo group of the MAD study, seven drug-related AEs were observed 
in four subjects (4/8, 50%). In the GST-HG171 group, 25 drug-related AEs occurred 
in 13 subjects (13/24, 54.2%). The incidence of drug-related AEs in the GST-HG171 
group was similar to that in the placebo group. Notably, the incidence of increased 
alanine aminotransferase was the highest (50%, 3/6) in the GST-HG171 (300 mg)/ritonavir 
(100 mg) BID group, surpassing the rates observed in the placebo and other dose groups. 
Furthermore, oral bitterness occurred in 33.3% (2/6) of the subjects in the GST-HG171 
(300 mg)/ritonavir (100 mg) BID group, while no occurrences were reported in the 
other dose groups. This finding warrants further investigation in phase II/III clinical 
trials. Among the drug-related AEs, hypertriglyceridemia had an incidence of 66.7% 
(4/6) in the GST-HG171 (300 mg) BID group but its occurrence was reduced in the 
GST-HG171 (150 mg)/ritonavir (100 mg) BID and GST-HG171 (300 mg)/ritonavir (100 mg) 
BID groups. Therefore, hypertriglyceridemia may not be a true drug-related AE. The 
remaining drug-related AEs were sporadic (Table 2).

TABLE 2 Drug-related adverse events in the multiple ascending dose studya,b

GST-HG171 (300 mg) 
BID (N = 6)

GST-HG171 (150 mg)/RTV 
(100 mg) BID (N = 6)

GST-HG171 (300 mg) 
TID (N = 6)

GST-HG171 (300 mg)/RTV 
(100 mg) (N = 6)

Placebo (N = 8)

Hypertriglyceridemia 66.7% (4/6) 0 33.3% (2/6) 33.3% (2/6) 50% (4/8)
Increased alanine 

aminotransferase
16.7% (1/6) 16.7% (1/6) 16.7% (1/6) 50% (3/6) 12.5% (1/8)

Increased aspartate 
aminotransferase

16.7% (1/6) 0 0 33.3% (2/6) 0

Low white blood cell count 0 16.7% (1/6) 0 0 0
Decreased neutrophil count 0 16.7% (1/6) 0 0 0
Hypoglycemia 0 0 0 16.7% (1/6) 0
Hypoalbuminemia 0 0 16.7% (1/6) 0 0
Bitter mouth 0 0 0 33.3% (2/6) 0
Dizziness 0 0 0 0 12.5% (1/8)
Fatigue 0 0 0 0 12.5% (1/8)
Diarrhea 16.7% (1/6) 0 0 16.7% (1/6) 0
aThe data are presented as n (%).
bRTV, ritonavir.
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PK profiles of GST-HG171

SAD study

Following a single oral administration of 150–900 mg of GST-HG171, a rapid and steep 
absorption and elimination phase was observed. A power model was employed to 
analyze the linear relationship between the drug doses and the PK parameters (Cmax, 
AUC0–t, and AUC0–∞). The slopes (β) of the linear equation were 0.75 (0.51–0.99), 0.89 
(0.72–1.05), and 0.89 (0.72–1.05) for the dose range of 150–900 mg. Higher doses 
exhibited a saturation trend.

DDI study

The combined treatment of GST-HG171 with ritonavir slightly extended the absorption 
phase, resulting in an extended Tmax of 1.75 h, compared to GST-HG171 treatment 
alone (1 h). The V and CL of GST-HG171 in the plasma decreased, while the exposure 
(Cmax, AUC) of GST-HG171 increased by ~3–6 times with the addition of ritonavir. The 
concentration at 12-h post-administration was 34.5 ± 14.6 ng/mL in the mono-treatment 
group and 816.1 ± 385.4 ng/mL in the combined treatment group. The geometric mean 
ratios and 90% CIs for Cmax, AUC0–t, and AUC0–∞ between the combined and mono-
treatment groups were 330.16% (283.64%–384.32%), 619.81% (512.84%–749.10%), and 
619.30% (512.77%–747%), respectively. These findings indicate significantly higher 
exposure in the combination group, compared to GST-HG171 mono-treatment group 
(Fig. 2; Table S2).

Food effect study

The absorption phase of GST-HG171 was slightly extended, resulting in an extended Tmax 
of 2 h when administered with food. The t1/2 values in the fasting and fed conditions 
were 3.55 ± 3.64 h and 1.90 ± 0.31 h, respectively. The in vivo exposure (Cmax and 
AUC) of GST-HG171 was similar between the fasting and fed conditions, with geometric 
mean ratios and 90% CIs for AUC0–t and AUC0–∞ falling within the range of 80%–125%. 
Although Cmax was slightly outside this range, the deviation was small. Therefore, it was 
determined that both fasting and fed conditions are suitable for subsequent clinical trials 
(Fig. 2; Table S3).

In the fasted state, following a single oral administration of GST-HG171 (300 mg) in six 
healthy subjects, the mean cumulative excretions of GST-HG171 in the urine and feces 

FIG 2 Mean values of plasma GST-HG171 concentration–time profiles in different treatment groups, including a food effect study of GST-HG171 300 mg (A), and 

a drug–drug interaction study (B). Data are presented as the mean (±SD).
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within 96 h were ~19 and 0.7 mg, respectively. The mean cumulative excretion rates of 
GST-HG171 were 6.48% in urine and 0.25% in feces.

MAD study

In the MAD study, the plasma Tmax values of GST-HG171 were 1.50 and 2.25 h in healthy 
subjects on day 5 after the oral administration of GST-HG171 (150 mg)/ritonavir (100 mg) 
and GST-HG171 (300 mg)/ritonavir (100 mg), respectively. GST-HG171 reached steady 
state at day 2, and there was no obvious accumulation after continuous administration. 
The average accumulation index (Cmax and AUC) ranged from 123% to 141%. After 
administration on day 5, the mean ratios of Cmax and AUC0–t for GST-HG171 at doses of 
300 and 150 mg were ~1.0:1.45 and 1.0:1.72, respectively, slightly lower than the dosage 
increase ratio.

Compared to GST-HG171 mono-treatment, the combined treatment of GST-HG171 
and ritonavir showed a slightly extended absorption phase and increased Tmax. In the 
combined treatment, the CL of GST-HG171 in the plasma decreased, while the expo
sure (Cmax and AUC) of GST-HG171 increased by ~3–6 fold. The fluctuation coefficient 
decreased, and the steady-state trough concentration also increased in the combined 
treatment group. The mean steady-state t1/2 values were similar across each group, at 
around 4 h after administration (Table 1; Fig. 3).

The exposure (Cmax, AUC), Tmax, and t1/2 values were consistent between male and 
female subjects in the SAD, DDI, food effect, and MAD studies, with the ratio being ~1. 
No sex effect was observed (data not shown).

Dose selection for phase II/III trials

For dose selection in phase II/III trials, the PK values of GST-HG171 with ritonavir (100 mg) 
following oral administration were extensively characterized using a two-compartment 
disposition model with parallel zero-order and first-order absorption as well as first-order 
elimination and the mixed error model. The covariance of the time for the zero-order 
absorption (T1) and V was included in the model but no covariates such as demographic 
or biochemical data were successfully selected and included in the final population PK 
model. The model parameters are listed in Table S4. The goodness-of-fit is shown in Fig. 
S1. The GST-HG171 concentrations were simulated for 1,000 subjects, and the simulated 
steady-state trough concentration closely matched the measured trough concentration 
in this study (921 ng/mL vs 854.79 ± 245.95 ng/mL, Tables 3 and 4).

Based on the above population PK model using preliminary data collected from 
this clinical study, simulations of GST-HG171 (150 mg)/ritonavir (100 mg) BID showed 
that 100% of future trial participants would achieve the target trough concentration 
above the in vitro EC50 with protein-binding adjustment after the first and subsequent 
dosing. The projected median trough concentrations on day 1 and at steady-state were 
807 and 921 ng/mL, respectively. These concentrations were 5.39–8.66 and 6.15–9.88 

FIG 3 Mean values of plasma GST-HG171 concentration–time profiles of different treatment groups in the multiple ascending dose study. Data are presented as 

the mean (±SD).
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times higher than the in vitro EC50 with protein-binding adjustment, indicating a high 
potential for robust antiviral effects. The simulated steady-state (day 5) trough concentra
tions for different dosing regimens are shown in Table 4.

DISCUSSION

To combat the progression of COVID-19, more effective and safer therapeutic treatments 
by means of reducing the viral load and transmission, shortening the clinical recovery 
time, and preventing the development of adverse outcomes are urgently needed (11–
15). To this end, the US Food and Drug Administration authorized Nirmatrelvir/ritonavir, a 
3CL protease inhibitor, for the treatment of patients with mild-to-moderate COVID-19 in 
2021 (16, 17). The clinical validation of 3CL as a therapeutic target in treating COVID-19 
has led to the discovery of more potent and selective 3CL inhibitors such as GST-HG171, 
currently at various stages of clinical development. In preclinical studies, GST-HG171 
demonstrated potent antiviral activity, good oral bioavailability, and a favorable toxicity 
profile, and its efficacy is similar or better than that of nirmatrelvir, making it as a 
compelling drug candidate for clinical development. In addition, GST-HG171 has shown 
promising results against COVID-19 variants, including new emerging Omicron variants 
(18, 19) XBB.1.15, XBB.1, and BQ.1.1 (data not shown).

To expedite the clinical development of GST-HG171, a flexible and efficient Ph1 
experimental approach was adopted (20). A coherent, seamless study plan was designed, 
comprising SAD, food effect, DDI, and MAD studies. This interleaving design allowed for 
rapid dose escalation and efficient data generation. This study was able to be completed 
within 60 days, which is significantly shorter than the typical timeline of about 6 months 
for a first-in-human study (20). The implementation of this accelerated Ph1 study design 

TABLE 3 Pharmacokinetic parameters of GST-HG171 of the multiple ascending dose study in each treatment group in the fasted state at day 5 (mean ± SD)

PK parameter GST-HG171 (300 mg) BID 
(N = 6)

GST-HG171 (150 mg)/RTV 
(100 mg) BID (N = 6)

GST-HG171 (300 mg) TID 
(N = 6)

GST-HG171 (300 mg)/RTV 
(100 mg) (N = 6)

Cmax,ss (ng/mL) 2272.81 ± 519.89 5019.08 ± 1106.20 2037.05 ± 696.16 7276.06 ± 1311.29
Trough concentration (ng/mL) 65.02 ± 45.02 854.79 ± 245.95 129.15 ± 53.44 1892.21 ± 656.96
AUC0–t,ss (h × ng/mL) 8561.44 ± 2886.72 35992.89 ± 5834.64 8874.28 ± 3607.54 61752.17 ± 7744.63
AUC0–∞,ss (h × ng/mL) 8733.43 ± 2986.66 36564.86 ± 5979.17 9521.77 ± 4901.67 62441.62 ± 8046.32
t1/2,ss (h) 4.13 ± 3.75 3.84 ± 0.29 6.56 ± 10.77 3.85 ± 0.87
Tmax,ss (h) 1.13 (0.500, 1.500) 1.50 (1.000, 3.001) 0.63 (0.250, 3.000) 2.25 (1.500, 3.000)
DF (%) 336.78 ± 68.58 162.69 ± 23.66 210.94 ± 69.24 125.53 ± 28.96
CL,ss

(L/h)
39642.31 ± 11059.76 4998.38 ± 781.51 42443.87 ± 6223.18 5863.32 ± 868.12

Rcmax (%) 99.72 ± 34.45 140.54 ± 33.27 89.93 ± 35.30 123.06 ± 21.18
Rauc(%) 85.71 ± 8.24 139.02 ± 23.03 87.55 ± 16.73 133.71 ± 20.79
aMedian (min–max); Rcmax, accumulation index for Cmax; Rauc, accumulation index for AUC; DF, degree of fluctuation.

TABLE 4 Predicted Cmin in ng/mL and percentage of simulated subjects achieving Cmin ≥ EC50 of 149.68 ng/mLa

Dose (mg) plus ritonavir (100 mg) Time point Median Fifth percentile 95th percentile Min Participants achieving Cmin ≥ EC50 (%)

75 First dose 406 195 689 92 99
Steady state 465 212 881 100 99.5

100 First dose 544 271 880 122 99.8
Steady state 622 293 1131 131 99.9

150 First dose 807 395 1345 166 100
Steady state 921 429 1711 179 100

300 First dose 1632 836 2649 415 100
Steady state 1860 905 3361 445 100

aCmin, minimum concentration during the dosing interval (12 h); EC50, concentration at which 50% inhibition of viral replication is observed; that is, concentration required 
for 50% effect.
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enabled the timely acquisition and analysis of data, facilitating the rapid progress of 
GST-HG171 into advanced clinical development.

The PK profile of GST-HG171 demonstrated a resemblance to a two-compartment 
model with first-order (two-stage) absorption (21). Our findings indicate the rapid oral 
absorption and metabolism of GST-HG171. The Cmax and area under the concentra
tion–time curve (AUC) values of GST-HG171 increased proportionally, albeit slightly lower 
than the dose in the 900 mg group. Since the metabolism of GST-HG171 is mediated by 
the CYP3A4 enzyme, its concentration decreases rapidly as expected, posing challenges 
in maintaining an effective trough concentration to inhibit the SARS-CoV-2 virus. To 
address this issue, we explored the potential of combining it with ritonavir, a known 
CYP3A4 inhibitor, and achieved an increase of the exposure (Cmax and AUC) of GST-
HG171 in vivo by up to 3–6 times. This enables GST-HG171 to maintain multiple-fold 
exposures above the in vitro EC50, adjusted for protein binding. Furthermore, the 
enhanced drug exposure may offer a potential barrier against the development of 
resistance. Co-administration of ritonavir resulted in a significant increase in GST-HG171 
trough concentrations at 12 h after dosing, ~24-fold higher (816.11 vs 34.46 ng/mL). 
Similarly, co-administration also led to an ~8-fold increase in nirmatrelvir concentrations 
when ritonavir was co-administered (20). These effects can be attributed to the inhibitory 
impact of ritonavir on CYP3A4 (22).

In the nirmatrelvir treatment group, treatment-related AEs such as increased blood 
thyroid-stimulating hormone, dysgeusia, and nausea were reported although these 
events were mild in severity (20). However, these AEs were not found after GST-HG171 
treatment. Furthermore, there were no clinically significant changes (grade II or higher) 
in laboratory values, vital sign measurements, or electrocardiography measurements in 
GST-HG171 treatment group, which align closely with the safety profile of nirmatrelvir (4, 
20, 23).

This study, conducted in healthy Chinese subjects, demonstrated that GST-HG171 
is safe and well tolerated. Most of the drug-related AEs were sporadic and not dose-
dependent. Nevertheless, there was a dose-dependent increase in alanine aminotrans
ferase levels in one group of the MAD study. Multiple incidences of increased alanine 
aminotransferase were observed in GST-HG171 (300 mg)/ritonavir (100 mg) BID group, 
while only isolated cases occurred in the other dose groups and the placebo group. 
These increases were all classified as grade I and considered mild, and are likely 
representing fluctuations in transaminase levels. It is important to note that this study 
had a small sample size and included healthy subjects only, and further research is 
needed to evaluate the safety of GST-HG171 tablets in COVID-19 patients.

The AUC on the fifth day of multiple administration of GST-HG71 at 300 mg in 
combination with ritonavir in the MAD study was 61.75 h × μg/mL (Table 3), which 
was lower than the no-observed-adverse-effect levels (NOAELs) observed in animal tox 
studies. In pre-clinical studies, the NOAELs of GST-HG171 in Sprague Dawley rats and 
beagle dogs were determined to be 600 and 300 mg/kg, respectively. The average AUC0–

t of GST-HG171 at NOAEL ranged from 126.05 to 539.88 h × μg/mL. The data provides 
assurance for the safety of GST-HG171 at 150 mg in combination with ritonavir as the 
recommended dose for phase II/III clinical studies (24).

The effectiveness of oral anti-viral agents such as non-nucleoside polymerase 
inhibitors and protease inhibitors is often assessed with the multiples of the trough 
concentrations in human PK studies over their corresponding protein-binding adjusted 
EC50s determined in cellular assays in vitro (25–28). The EC50 values of nirmatrelvir, 
the first approved 3CL protease inhibitor for treating COVID-19, with plasma protein 
correction, for wild type, Omicron BA.4, and Omicron BA.5 were 840.25, 190.07, and 
560.17 ng/mL, respectively. Therefore, an steady-state trough concentration of nirmatrel
vir (300 mg)/ritonavir (100 mg) (1800 ng/mL) could provide a coverage of ~2.1, 9.5, and 
3.2 times above the EC50 with plasma protein correction (20, 29). For GST-HG171, the 
EC50 value, with plasma protein correction, for wild type, Omicron BA.4, and Omicron 
BA.5 were 149.68, 93.22, and 131.87 ng/mL, respectively. The ss trough concentration 
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(921 ng/mL) achieved with GST-HG171 (150 mg)/ritonavir (100 mg) treatment could 
provide a coverage of ~6.2, 9.9, and 7.0 times above the EC50 with plasma protein 
correction. The predictions, derived from the population PK model, suggest that the 
clinical efficacy with this regimen (150 mg GST-HG171/100 mg ritonavir) could be close 
to or even better than that of nirmatrelvir (300 mg)/ritonavir (100 mg). Based on the data, 
GST-HG171 (150 mg)/ritonavir (100 mg) administered BID was proposed for phase II/III 
trials and is predicted to continuously achieve efficacious concentrations in 100% of the 
participants in clinic (15, 25, 30, 31).

Conclusion

The combination of GST-HG171 (150 or 300 mg) and ritonavir (100 mg) has demonstra
ted good safety and tolerability in healthy subjects in the Ph1 study. Ritonavir played a 
crucial role in enhancing the PK of GST-HG171, allowing for the attainment of plasma 
concentrations and maintenance of trough concentration values that cover with multiple 
folds above the EC50 with plasma protein correction. Based on these findings, we have 
a high level of confidence in selecting the regimen of GST-HG171 (150 mg)/ritonavir 
(100 mg) administered BID for phase II/III clinical trials in patients with COVID-19.

MATERIALS AND METHODS

Our study was conducted in compliance of the standards of the Good Clinical Practice 
guidelines, and its protocol was approved by the independent Ethics Committee of The 
First Hospital of Jilin University (Changchun, Jilin, China). Written informed consent was 
obtained from all subjects before their inclusion in the study.

Subjects

A total of 78 healthy Chinese subjects were enrolled in this study, and 78 subjects 
completed the safety assessment. This study aimed to evaluate the PK, safety, and 
tolerability of single and multiple escalating doses of GST-HG171 in healthy subjects; this 
is the first-in-human study on GST-HG171 to assess these parameters. The evaluation was 
conducted in the presence or absence of food and ritonavir, a PK enhancer. The main 
inclusion criteria included an age range of 18–50 years old, a BMI of 18–28 kg/m2, no 
clinically relevant conditions based on physical examination results as well as eligible 
laboratory test results, electrocardiography, and medical history. The main exclusion 
criteria included the use of alcohol or drugs known to influence drug-metabolizing 
enzymes within 4 weeks before dosing and during the study, except for ritonavir in the 
study, as well as pregnancy or breastfeeding.

Study design

This clinical trial was a randomized, double-blind, placebo-controlled, and ascending-
dose study (Clinical Trial Registration Number: NCT05668897) conducted at the Phase 
I Clinical Research Center, The First Hospital of Jilin University (Jilin, China), during the 
period from 1 October 2022 to 30 November 2022. A flow chart illustrating the study 
design is presented in Fig. 1.

Subject compliance and drug administration

The subjects were asked to keep fasting for at least 10 h before blood sample collection 
for clinical laboratory tests. They were also instructed to comply with the guidelines of 
the Phase I Clinical Research Center at the First Hospital of Jilin University regarding 
diet and activity regulations. The investigational drug was administered orally while 
subjects drank 240 mL of water. GST-HG171 and placebo were synthesized and provided 
by Fujian Guangsheng Zhonglin Biotechnology Co., Ltd. and Fujian Guangsheng Tang 
Pharmaceutical Co., Ltd. Ritonavir and placebo were synthesized and provided by Abbott 
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GmbH & Co., Ltd. and Fujian Guangsheng Tang Pharmaceutical Co., Ltd. (Lot # 1150459 
and # 422001Y, respectively).

SAD study

The SAD and food effect study involved 40 healthy Chinese subjects who were randomly 
assigned to four groups receiving a single dose of GST-HG171 (150, 300, 600, or 900 mg, 
respectively). Each group contained eight subjects (GST-HG171 : placebo = 6:2). All of 
them received the drug administration under fasted conditions. Tolerance assessments 
were conducted on days 2 and 5. The lowest dose group was initiated first, and the next 
highest dose level was administered only after the safety data were reviewed by the 
principal investigator and the sponsor and the drug was deemed safe and tolerable.

Food effect study

The food effect study included the 300 mg group, comprising 14 subjects, of which 
12 subjects received GST-HG171 and two subjects received placebo. The study was 
designed as a randomized, single-dose, two-sequence, and two-period crossover study 
to evaluate the effect of food on the PK of GST-HG171. The first period, with a dosage of 
300 mg, under the fasting condition was the same as those in the SAD study. Urine and 
fecal samples were collected during the second period under the fasting conditions for 
investigation of drug metabolism. During the fed state portion of the study, the subjects 
consumed a high-fat meal ~30 min prior to dosing. The washout period was 14 days, and 
tolerance assessments were conducted on days 7 and 21. Moreover, the calorie content 
of the high-fat meal contains carbohydrate 256.76 kcal (28%), fat 532.44 kcal (58%), and 
protein 125.88 kcal (14%).

DDI study

The DDI study involved the 600 mg dose of GST-HG171 treatment for tolerance 
evaluation, followed by the DDI study. Eight subjects were enrolled including two 
receiving a placebo. GST-HG171 was administered in the first period, and in the second 
period, GST-HG171 (150 mg) and ritonavir (100 mg) were co-administered under fasting 
conditions. The subjects in the placebo group received placebo in both periods, and 
there was a washout period of 5 days.

MAD study

Based on the data of safety, tolerability, and PK, four dose groups were established for 
the MAD study: (i) 300 mg of GST-HG171 twice daily (BID), (ii) 150 mg of GST-HG171 and 
100 mg of ritonavir BID, (iii) 300 mg of GST-HG171 three times daily (TID), and (iv) 300 mg 
of GST-HG171 and 100 mg of ritonavir BID. The drug was administered continuously 
for 5 days under fasting conditions. On day 5, the drug was administered only once 
in the morning. Each group consisted of eight subjects receiving multiple doses (two 
received a placebo). Tolerance assessments were conducted on days 3, 6, and 9, with 
dose escalation occurring if the drug was tolerated according to the evaluation.

PK analysis

Venous blood samples (4 mL) were collected and added to tubes containing K2EDTA as 
an anticoagulant. After centrifugation (1,300 × g at 4°C for 10 min), plasma was collected 
and stored at −80°C until use for PK analysis. The detailed information on time points of 
blood collection is provided in the supplementary material.

Various PK parameters were analyzed, including the maximum observed plasma 
concentration (Cmax), terminal elimination half-life of the drug in plasma (t½), time to 
maximum observed plasma concentration (Tmax), AUC from time of dosing (0 h) to 
t h (AUC0–t), and AUC from time of dosing extrapolated to infinity (AUC0–∞), which 
were assessed at the first dose. Plasma samples were also collected to measure the 
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following PK parameters at steady state (ss), such as Css max, tss ½, Tss max, AUCss 0–t, 
accumulation index, and degree of fluctuation at last dose. Plasma samples were also 
collected to measure the PK parameters at steady state. The PK parameters of GST-HG171 
were calculated by the non-compartmental methods which are provided by professional 
software WinNonlin Version 8.3 (Certara).

Bioanalysis

The concentrations of GST-HG171 in plasma, urine, and fecal samples were measured 
by Shanghai Guanhe Pharmaceutical Technology Co., Ltd. (Shanghai, China) using 
high-pressure liquid chromatography and tandem mass spectrometry. The accuracy 
and precision of the measurements were within acceptable ranges. The standard curve 
ranges of GST-HG171 were 1–1,000 or 10–20,000 ng/mL in plasma; 2–4,000 ng/mL 
in urine; and 2–4,000 ng/g in the fecal sample. GST-HG171-D3 was employed as an 
internal standard for quantification. GST-HG171 and internal standard GST-HG171-D3 
were extracted from human plasma by protein precipitation method, and then separated 
by reversed-phase high-performance liquid chromatography on a Thermo Hypersil Gold 
aQ column (100 mm × 3.0 mm, 3 µm). Mass spectrometry was carried out in the 
electrospray ionization positive ion mode. The ion mass charge ratio for GST-HG171 
was monitored at m/z 512.100 → 122.100, and for GST-HG171-D3, it was m/z 516.100 → 
122.100.

Statistical analysis

Descriptive statistical methods were used in this study. Analysis of variance was 
performed to compare Cmax and AUC in the food effect study. The results were presented 
as geometric least-square means with a 90% CI. Dose proportionality of GST-HG171 was 
assessed using a power model. The statistical analysis results were reported as the mean 
(SD). Statistical analysis was completed using SAS version 9.4 (SAS Institute Inc.) software.
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