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Elevated INR in a COVID-19
patient after concomitant
administration of azvudine and
anticoagulants

Xi Zhang', Fengwei Jiao?!, Guangrun Li*, Xiaojia Yu?, Yuging Pei,
Ying Zhang?, Zihui Wang®** and Pengfei Li**

'Department of Pharmacy, Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China,
2Department of Respiratory and Critical Care Medicine, Beijing Institute of Respiratory Medicine and
Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China, *Department of Chinese
Communist Youth League Committee, Beijing Chao-Yang Hospital, Capital Medical University, Beijing,
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Background: Azvudine (FNC) is a promising treatment candidate for managing
coronavirus disease 2019 (COVID-19). However, drug interactions with azvudine
have been poorly studied, especially with no reported cases of azvudine with
anticoagulants such as warfarin and rivaroxaban.

Case summary: The patient was diagnosed with lower limb venous thrombosis
and took warfarin regularly. The international normalized ratio (INR) was stable
(2.0-3.0). However, the INR increased to 7.52 after administering azvudine. The
patient had no other factors justifying this change. This increase in INR occurred
again with the administration of azvudine in combination with rivaroxaban, and the
INR increased to 18.91. After azvudine administration was stopped, the INR did not
increase when rivaroxaban was used alone.

Conclusion: Azvudine, warfarin, and rivaroxaban might have previously
unidentified drug interactions that increased the INR. Therefore, the INR must
be closely monitored when they are concomitantly administered in COVID-19
patients.

KEYWORDS

azvudine, warfarin, rivaroxaban, DDI, international normalized ratio (INR)

1 Introduction

Azvudine (ENC) is the first double-target nucleoside drug, which has demonstrated
significant and broad-spectrum in vitro antiviral effects against targets such as HIV (Peng
etal, 2014), HBV (Peng et al., 2014), HCV (Smith et al., 2009), and EV71 (Xu et al., 2020). It
is also a promising treatment candidate for managing coronavirus disease 2019 (COVID-19)
(Ren et al,, 2020). FNC is completely absorbed by passive diffusion and active transport
mechanisms. P-gp, MRP2, and BCRP could influence the absorption of FNC in the small
intestine (Liu et al., 2017). ENC is not metabolized by cytochrome P-450 (CYP); therefore,
drug-drug interactions (DDIs) are less likely.

Warfarin is a direct oral anticoagulant and also a narrow therapeutic index drug that
requires frequent dose adjustments to minimize both thrombosis and bleeding-related
adverse events (Gallagher et al., 2011). Drug interaction is one of the multiple factors that

8 frontiersin.org
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FIGURE 1

Time course of administration of azvudine and anticoagulants and changes in the INR and AST/ALT.

alter individual drug responses and thus contribute to international
normalized ratio (INR) instability (Witt et al., 2016).

Rivaroxaban is an oral direct factor Xa inhibitor and has been
developed as a favored alternative to coumarin derivatives
(Kvasnicka et al, 2017). Approximately 2/3 of rivaroxaban is
metabolized by hepatic cytochrome P450 (CYP) enzymes 3A4/5,
2J2, and CYP-independent enzymes, while the remaining 1/3 is
eliminated unchanged via the kidney, involving transporters in
active renal secretion such as P-glycoprotein (P-pg) and breast
cancer resistance protein (BCRP) (Mueck et al, 2014). Many
drugs, including aspirin (Perzborn et al, 2015), fluconazole
(Mueck et al., 2013), and amiodarone (Cheong et al., 2017), had
been reported to interact with rivaroxaban, increasing the risk of
bleeding.

However, no reports are found indicating that azvudine interacts
with warfarin and rivaroxaban. Here, we report a case of elevated
INR in a COVID-19 patient, when azvudine and these two
anticoagulants were concomitantly administered.

2 Case summary

A 70-year-old man, diagnosed with fever, cough, and wheezing
on December 23rd, was hospitalized in Fangshan Hospital of
Traditional Chinese Medicine on December 26th (day 1).
Laboratory results

showed elevated C-reactive protein of

Frontiers in Pharmacology

72.25 mg/L and WBC of 1.96 x 10°/L, and the chest CT image
showed pneumonia and emphysema in both lungs. The patient was
diagnosed with COVID-19 infection complicated with respiratory
failure; he received azvudine (day 2) and dexamethasone; nasal
catheter oxygen therapy (the oxygen flow rate was 3-4 L/min); and
broad-spectrum antibiotics considering the accompanying bacterial
infection (Figure 1). Given a past medical history of lower limb
venous thrombosis, the patient took 2.25 mg of warfarin once a day,
with the INR being monitored regularly (between 2.0 and 3.0). On
day 4, the patient’s oxygenation index was as low as 78 mmHg, and
he was transferred to Beijing Chaoyang Hospital for treatment. The
baseline characteristics (day 4) are shown in Table 1. Relevant
imaging materials are shown in Figure 2. The INR was 3.2, and
the blood test showed that his liver function was normal on day 4.
Due to deterioration in the condition, warfarin, azvudine, and
dexamethasone were administered continuously, and broad-
spectrum antibiotics were still used but adjusted to tigecycline,
ambroxol hydrochloride, omeprazole, and diprophylline, which
were added on day 4; in addition, high-flow nasal cannula
oxygen therapy (FiO, needed up to 90%) and intermittent prone
positioning were applied. The detailed drug dosages and duration
are shown in Figure 1. At 9 a.m. on day 5, the critical value showed
that the INR was 7.52, and no hemorrhage was observed. The change
in the INR is shown in Figure 1. Then, warfarin was discontinued,
and vitamin K1 was given on day 5. The CRP was 21.6 mg/L and
WBC was 4.4 x 10°/L on day 5; it was suggested that the infection
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TABLE 1 Baseline patient characteristics.

10.3389/fphar.2023.1191608

Gender Male —

Age (years) 70 —

Body weight (kg) 65 —

Body temperature (°C) 36.0 —

Pulse (times per minute) 90 —
Respiratory frequency (times per minute) 25 —

Blood pressure(mmHg) 127/87 —
APACHE score 10 —

Serum creatinine (umol/L) 81.3 (53.0-115.0)
Serum albumin (g/L) 28.6 (35.0-53.0)
WBC (x10°/L) 4.7 (4.0-10.0)
CRP (mg/L) 21.6 (0.0-10.0)
Platelet (*10°/L) 173.0 (100.0-300.0)
Total bilirubin (umol/L) 6.5 (3.4-20.5)
AST (U/L) 21.5 (4.0-40.0)
ALT (U/L) 9.5 (4.0-40.0)
LDH (U/L) 310.6 (80.0-250.0)
INR 32 (2.0-3.0)
APTT (seconds) 44.7 (28.0-42.0)
D-dimer (mg/L) 0.39 (0.00-0.30)

Abbreviations: ALT, alanine aminotransferase; APTT, activated partial thromboplastin time; AST, aspartate aminotransferase; CRP, C- reactive protein; LDH, lactic dehydrogenase; WBC,

white blood cell.

was serious, and cefoperazone sodium and sulbactam sodium were
added for anti-infection treatment later. However, the INR
decreased to 2.16 on day 7. Then, rivaroxaban was added on day
8. On day 10, the WBC was 3.8 x 10°/L, and the oxygenation index
of the patient increased to 156 mmHg, so antibiotics were stopped
and the FiO, was adjusted to 60%. At 4 a.m. on day 11, the critical
value showed that the INR increased again to 10.04, rivaroxaban
was discontinued, and VK1 was given immediately. However,
the INR continued to increase, and by 9 p.m. on day 11, the INR
returned to 18.91, and vitamin K1 was given again. Azvudine
was discontinued the next day. At 6 a.m. on day 12, the INR
decreased to 6.94 and continued to decrease until it reached
1.61 on day 14. The patient was given nadroparin calcium
and rivaroxaban successively. Since then, the patient was
managed with nadroparin calcium and rivaroxaban successively
for anticoagulation therapy, and the INR did not increase
again and remained at about 1.2. On day 16, laboratory tests
showed that CRP was 0.9 mg/L, and WBC was 4.9 x 10°/L; the
oxygenation index of the patient increased to 252 mmHg,
the patient’s condition improved, the FiO, was adjusted to 37%,
and ceftazidime antiinfective therapy was administered. On
day 17, the patient’s nucleic acid antigen turned negative. The
patient’s condition improved significantly, and he was discharged
on day 24.

Frontiers in Pharmacology

3 Discussion

3.1 Evaluation of the DDI between azvudine
and warfarin

Factors that affect the INR include medication adherence, diet,
disease (such as liver dysfunction), and concomitant use of drugs
(Reddy et al.,, 2015). In this case, the patient was taking warfarin
properly for 2years, and his INR was stable at 2.0-3.0,
demonstrating that his medication adherence was good. The
increased INR was not due to the improving adherence to
hospitalization. The patient did not change his diet and adhered
to a warfarin-only diet while taking warfarin and azvudine. His liver
function was also normal before and during admission. A
retrospective study (Zou et al, 2020) evaluated the correlation
between coagulation function and COVID-19 and reported that
coagulation dysfunction is common in patients with COVID-19,
especially fibrinogen and D-dimer elevation, and the degree of
elevation is related to the severity of the disease. As the disease
recovers, fibrinogen and activated partial thromboplastin time also
returned to normal. However, the impact of COVID-19 on the INR
has been very mild; as COVID-19 became more severe, the INR only
increased from 1.01 in mild cases to 1.04 in severe cases. The initial
INR of this patient was 3.2, which is due to the novel coronavirus
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FIGURE 2

10.3389/fphar.2023.1191608

Dynamic chest X-ray and CT images of the patient:(A) the X-ray image on day 9, (B) the X-ray image on day 15, (C) the CT image on day 22, and (D)

the CT image on day 22.

disease possibly. Therefore, the INR increased to 7.98, and the
correlation between increased INR and COVID-19 progression
was not considered. The patient was treated with multiple drugs,
including azvudine, piperacillin sodium and tazobactam sodium,
imipenem and cilastatin sodium, dexamethasone, tigecycline,
omeprazole sodium, and diprophylline. Although warfarin was
associated with piperacillin sodium and tazobactam sodium,
imipenem and cilastatin sodium, the INR continued to increase
1 or 2 days after discontinuation of the two drugs, so the interaction
between warfarin and the two drugs was not considered. INR
increase has been reported when high-dose dexamethasone
(>40 mg/day) and warfarin are concomitantly administered
(Sellam et al., 2007), which may be due to the action of high-
dose synthetic glucocorticoids on Niemann-Pick Cl-like 1 protein
(Ito et al., 2019). However, the dose of dexamethasone in this patient
was 5.0 mg once a day, which was too low to cause any DDIs.
Although tigecycline could reduce warfarin clearance, it did not
significantly change the effect of warfarin on the INR. Omeprazole is
a moderate inhibitor of CYP2C19, which reduces warfarin
metabolism when combined with warfarin. On the other hand,
omeprazole is a CYP1A2 gateway agent, and when combined with
warfarin, it reduces warfarin exposure and INR; research studies
reported that the coagulation time was not significantly changed
(Unge et al, 1992). There was no report about the interaction
between diprophylline and warfarin. At 9 a.m. on day 5, the
critical value showed that the INR was 7.52, but cefoperazone
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sodium and sulbactam sodium were added at 1 p.m. on day 5, so
there was no temporal-causal relationship between the drug and the
increase in INR. The effect of these drugs on INR was excluded. The
INR increased to 7.52 after 3 days of administering azvudine. There
was a reasonable time relationship between drug combination and
INR elevation. Then, warfarin was discontinued and vitamin K1 was
given. As needed to treat COVID-19, the patient continued to take
azvudine. On day 7, the INR decreased again to 2.16. There was a
temporal-causal relationship between the improvement time of
adverse events and the discontinuation time of the combination
of the two drugs. To avoid the risk of bleeding, warfarin was not
subsequently resumed, so it was unclear whether the INR increase
will occur again after warfarin and azvudine were taken orally
simultaneously.

The metabolism of warfarin primarily involves CYP2C9, CYP3A4,
CYP1A2, and CYP2C8 (Sekimoto et al., 2022). However, azvudine is
not metabolized by the P450 enzyme and is not an inhibitor or inducer
of the P450 enzyme. The interaction between the two drugs is unlikely
to be due to drug metabolism. In terms of pharmacodynamics, warfarin
can inhibit the biosynthesis of functional vitamin K-dependent (VKD)
coagulation factors (Chen et al., 2020). Although no azvudine-induced
bleeding or related adverse events has been reported to date. We suspect
that maybe azvudine could affect the biosynthesis of active VKD
coagulation factors with possible synergy with warfarin. However,
there is no evidence, and further verification studies are needed at a
later stage.
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The Drug Interaction Probability Scale (DIPS) has been widely
used as a criterion for determining adverse events caused by DDIs
(Horn et al.,, 2007). By using the DIPS evaluation of the interaction
between azvudine and warfarin, the result was “probable,” which
supported an interaction possibility.

3.2 Evaluation of the DDI between azvudine
and rivaroxaban

The patient started oral rivaroxaban on day 8. At 4:00 a.m.
on day 11, the INR was 10.04, which increased again. Moore
etal. (2015) reported that the INR is abnormally elevated several
hours after an oral administration of rivaroxaban and decreased
significantly after a few hours because of the drug properties of
rivaroxaban. This situation is completely different from the
principle of abnormal increase in the INR caused by an oral
overdose of warfarin. At 9:00 p.m. on day 11 (17 h later), the
INR did not decrease but continued to increase to 18.91.
Therefore, it was excluded that the increase in INR was
caused by The had good
medication compliance during hospitalization and normal

rivaroxaban alone. patient

liver function. While taking rivaroxaban, the patient also

took tigecycline, ambroxol hydrochloride, omeprazole,
diprophylline, cefoperazone sodium and sulbactam sodium,
and azvudine. Tigecycline is a P-gp substrate, and

rivaroxaban increases the activity of P-gp (Liu et al., 2017);
the combination did not lead to increased exposure to
hydrochloride,
diprophylline were again combined with rivaroxaban on day
17, and no increase in the INR was observed. The INR increased

rivaroxaban. Ambroxol omeprazole, and

2 days after cefoperazone sodium and sulbactam sodium were
discontinued. Concomitantly, azvudine had been taken in
combination with rivaroxaban, and the INR increased; there
was a temporal-causal relationship between the increase in the
INR and the combination of the two medicines. The INR did not
increase again on day 17 when rivaroxaban was taken alone.
Rivaroxaban and azvudine were not used in combination again,
so it was unclear whether the INR increase will occur again after
rivaroxaban and azvudine were taken orally simultaneously.
As reported by previous
(Fernandez et al., 2021), the types of interactions assessed

articles about rivaroxaban
were PK interactions mediated by CYP3A, P-gp modulators,
and/or gastric pH modifiers, and PD interactions mediated by
other antithrombotic agents and nonsteroidal anti-inflammatory
drugs (NSAIDs) for interaction studies. Azvudine is not
metabolized by the P450 enzyme and is a mild P-gp inducer
(Liu et al., 2017), and when combined with rivaroxaban, there
was no increase in rivaroxaban exposure, which further increased
PT or INR. Azvudine is not a gastric pH modifier. Vitamin K does
not affect the anticoagulant activity of rivaroxaban, so if the
anticoagulant effect is reversed by rivaroxaban, procoagulant
reversal agents such as prothrombin complex thickener,
activated prothrombin complex thickener. or recombinant
factor Vlla should be used. Vitamin K could not reverse
clotting abnormalities caused by rivaroxaban overdose. In this
case, rivaroxaban was discontinued and vitamin K1 was given,
then INR decreased to 1.61 on day 14. We suspected that the
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interaction between azvudine and rivaroxaban affects the
biosynthesis of active VKD coagulation factors, and this
phenomenon is consistent with our speculation about the
interaction mechanism between azvudine and warfarin. Chen
et al. (2020) reported three ways to inhibit VKD carboxylation:
inhibit vitamin K epoxide reductase (VKOR) (such as warfarin),
inhibit vitamin K reductase (VKR) in vitamin K redox cycling
(such as clofazimine), and inhibit vitamin K availability within
the cells. Coagulopathy from drugs that inhibit the VKOR, but
not vitamin K, can be rescued by administering vitamin K. So, it
may be that azvudine inhibited VKOR and played a synergistic
anticoagulant effect with rivaroxaban, but this evidence needs to
be confirmed in further studies.

Finally, as described previously, using DIPS results, the
interaction between azvudine and rivaroxaban was rated as
“probable.”

4 Conclusion

Azvudine, warfarin, and rivaroxaban might have previously
unidentified drug interactions that increased the INR. Therefore,
the INR must be closely monitored when they are concomitantly
administered in COVID-19 patients.
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cancer after XELOX and
nivolumab treatment: analysis of
drug-dependent antibodies
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Objective: To investigate the mechanism, in vitro differential test and
clinical significance of hemolytic anemia after receiving oxaliplatin and
nivolumab treatment.

Methods: We encountered a male patient with stage IV rectal cancer who
experienced acute hemolysis during the ninth cycle of treatment with XELOX
combined with nivolumab and cetuximab. The patient’'s blood samples were
collected and tested for the presence of oxaliplatin or nivolumab antibodies on
red blood cells.

Results:  Direct antiglobulin testing of red blood cells incubated with
oxaliplatin was strongly positive, whereas cells incubated with nivolumab
were negative, which suggested that oxaliplatin was responsible for the
hemolysis. After short-term highdose glucocorticoid treatment, human normal
immunoglobulin infusion, and other symptomatic treatments, the patient's
condition rapidly improved, and he continued to receive nivolumab treatment
without further hemolysis.

Conclusion: Attention should be paid to the possibility of acute hemolysis when
using oxaliplatin and nivolumab, and it is important to recognize and manage this
adverse event early. We detected oxaliplatin-related antibodies on the surface of
red blood cells in vitro, which provided evidence for the following treatments.

KEYWORDS

drug-related hemolytic anemia, colorectal cancer, oxaliplatin, nivolumab, treatment

Introduction

Oxaliplatin is a key component of chemotherapy used as a first-line treatment for
advanced colorectal cancer with relatively few side effects (1). Oxaliplatin immune-
induced syndrome (OIIS) includes severe acute hemolytic anemia and/or thrombocytopenia
and symptoms such as fever, sudden back pain, and hematuria (2-4). Programmed
death cell protein 1 (PD-1) inhibitors can block tumor immune tolerance, among them,
nivolumab has been used to treat mismatch repair deficient/microsatellite instability-high
(AMMR/MSI-H) metastatic colorectal cancer (5). Nivolumab can cause side effects such
as hypothyroidism, diarrhea, decreased appetite, colitis, pneumonitis, hepatic function
abnormal, sepsis, acute kidney injury, uveitis (6). Nivolumab also has several immune-
related adverse reactions including rash, pruritus, and rarely, immune hemolytic anemia,
which could be life-threatening (7-9). Drug-induced hemolytic anemia may be either
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“warm” or “cold” depending on the temperature at which
the autoantibodies become active. Warm autoimmue hemolytic
anemia (AIHA) is caused mainly by warm-reactive IgG-mediated
extravascular hemolysis, Cold ATHA results from IgM activation
of classic complement pathway and the autoantibodies are
active at temperatures 4°C (10). Some cases that both types
of autoantibodies may exist simultaneously are labeled as
“mixed” ATHA (10). Increasing reports of oxaliplatin-induced
or nivolumab-induced hemolytic anemia have been published,
however, cases of acute hemolysis after receiving oxaliplatin
and nivolumab treatment were rarely reported. Only few of
the published cases did drug-dependent red blood cell (RBC)
antibodies tests in vitro which confirmed that hemolysis was
directly related to the drug. We encountered a case of acute
hemolysis in a patient with stage IV rectal cancer during
treatment with XELOX combined with nivolumab and cetuximab.
Oxaliplatin-related antibodies were detected on the surface
of erythrocytes in vitro, which provided evidence for the
following treatments.

Case report

A 47-year-old Chinese male patient initially presented with
a malignant rectal tumor (pTxN2bMlb, stage IV B). PET-CT
revealed liver and bone metastasis. From November 2020 to
March 2021, he completed eight cycles of XELOX combined with
nivolumab and cetuximab. The cumulative dose of oxaliplatin
was 716 mg/m2 (1,440 mg), and that of nivolumab was 955
mg/m? (1,920mg). Two hours after the end of oxaliplatin
administration during the ninth treatment cycle, the patient
complained of sudden lower back pain and fatigue, and his
urine was strongly brown. Laboratory analysis revealed hematuria
(urine RBC count, 90.6/L) and liver dysfunction (serum glutamic
oxaloacetic transaminase, 142U/L; total bilirubin, 136.5 pwmol/L).
The direct antiglobulin test (DAT) was positive, and the indirect
antiglobulin test (IAT) was negative. Considering drug-related
hemolysis, follow-up chemotherapy drug was immediately stopped.
He was managed with 1 mg/kg/day methylprednisolone from the
first day after hemolysis was suspected (D1) at decreasing doses
over 1 month, and human immunoglobulin (0.4 g/kg/day) was
administered from D3 to D7. He received renal protective therapy
(D3 to D21) because of the creatinine elevation. The symptoms
of hemolysis resolved on D4. Laboratory examination showed
decreased serum creatinine levels and increased hemoglobin levels.
DAT was negative on D26. Oxaliplatin was discontinued, the
patient resumed treatment with capecitabine, cetuximab, and
nivolumab. There was no hemolysis syndrome, and the patient’s
hemoglobin and creatinine levels normalized (Figure 1).

We obtained peripheral blood samples from the patient to
test for drug-related hemolysis. The concentration of oxaliplatin
injection [Qilu Pharmaceutical (Hainan) Co., Ltd, Haikou, China]
was 2 mg/mL, Nivolumab (Bristol Myers Squibb Holdings
Pharma, Ltd, New York, United States) was prepared at a
concentration of 5 mg/mL (11). Mixtures of patient sera and 5%
oxaliplatin-treated RBC suspension were incubated at 37°C for
1h, centrifuged, washed three times in 0.9% saline, assessed for
hemolysis/agglutination via visual assessment, and Coombs test by
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microcolumn agglutination method. As a control, sera from healthy
AB donor instead of patient sera, and type O RBC suspension
instead of oxaliplatin-treated RBC suspension. The experiment was
repeated for nivolumab in the same manner. Patient sera incubated
with oxaliplatin-treated RBC suspension group was positive on
DAT, and the other results were negative.

Discussion

Our patient was treated with oxaliplatin and nivolumab, both
of which could cause hemolysis. To further clarify the drug causing
hemolysis, we detected drug-dependent RBC antibodies in vitro.
DAT using patient sera and oxaliplatin-treated red blood cells
(RBCs) was positive, indicating that anti-IgG/C3 antibodies were
present on the surface of RBCs. Meanwhile, IAT was negative,
indicating that there were no anti-IgG/C3 antibodies in the patient’s
serum. DAT using RBCs incubated with nivolumab was negative,
suggesting the absence of nivolumab-dependent antibodies on the
RBC membrane. The patient continued to receive nivolumab after
the resolution of hemolysis, and there was no further evidence
of acute hemolysis, indicating that the hemolysis was caused
by oxaliplatin.

Oxaliplatin is the third generation platinum antineoplastic
drug, which inhibits the replication and transcription of DNA
in tumor cells, thus inducing cell death. Combined with 5-
fluorouracil derivatives and vascular endothelial growth factor in
the treatment of advanced colorectal cancer, it can effectively
improve patient survival and reduce disease recurrence (1,
12). Increasing reports of oxaliplatin-induced hemolytic anemia
have been published, and some cases were accompanied by
thrombocytopenia and neutropenia. It is characterized by fever,
lower back pain, hematuria, abnormal liver function and renal
function (2-4). Timely detection and treatment of these symptoms
will help to prevent further deterioration of OIIS. The mechanism
of oxaliplatin-induced hemocytopenia may include immune system
activation (immune complex, non-immunologic drug adsorption,
and true autoimmune), oxaliplatin pharmacokinetic, and genetic
background predisposition, all of these may have played a role
during the process (4, 11, 13-16). We consider that the antibody
was already induced by previous oxaliplatin exposure. With
repeated drug exposure, the immune response was enhanced until
the antibody reached the threshold level, leading to hemolysis (17).

Several cases of acute renal injury after treatment with
oxaliplatin have been reported, and these events were believed
to be caused by the direct damage of renal tubules or the
accumulation of hemolytic products in the renal tubules (18-20).
In our case, the increased creatinine level appeared after hemolysis
and improved rapidly after short-term high-dose glucocorticoid
and immunoglobulin infusion. It is speculated that drug treatment
can reduce the concentration of autoantibodies, resolve the cause
of renal tubular necrosis, and gradually normalize renal function
while hemolysis is alleviated. This clinical process supported the
finding that renal insufficiency was caused by acute hemolysis.

Of the 61 patients reported, 27 (44.26%) received repeated
oxaliplatin treatment. The median number of cycles before the
occurrence of OIIS was four, which was significantly earlier than
observed in patients who received other regimens (2). Vyskocil

frontiersin.org


https://doi.org/10.3389/fmed.2023.1167759
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Zhao et al. 10.3389/fmed.2023.1167759
o b 8- Hb gL =
==l &) w=@== 'y pmolL z
—&8—Ret Xx101%L =
400
q
300
J L
200 ° 0.02
@ € @
° ’ L
0%g 0§ 00 © e e ° ]
100 T, !0 $ ¢ 3 . ° 4 0.01
%e ° ®
0
do dis d3o d45 dé6o d75 d9o
FIGURE 1
Changes of hemoglobin, creatinine and reticulocyte count after hemolysis. “Hb, hemoglobin: Cr, creatinine levels; Ret, reticulocyte.

et al. (20) reported that they did Coombs test using patient’s sera
6 months/12 months after the hemolysis with oxaliplatin-treated
RBCs, the results showed long-term antibodies on the surface of
RBCs, and platinum drug cross-reaction. Therefore, oxaliplatin
treatment is no longer recommended for patients with OIIS.

Nivolumab blocks the binding of PD-1 and programmed death-
ligand 1 (PDL-1) to tumor cells and stimulates T cells to target
tumor cells. This effect of relieving T cell inhibition may be
uncontrolled, resulting in autoimmune adverse reactions, including
rash, pruritus, hemolytic anemia (21), immune hemocytopenia (7,
8,22, 23). The mechanism of nivolumab-induced hemocytopenia is
not clear but is likely related to reaction of T cells and drug-induced
autoantibodies (24). DAT using RBCs incubated with nivolumab
was negative, suggesting the absence of nivolumab-dependent
antibodies on the RBC membrane. Thus, the patient continued
to receive nivolumab, and there was no further evidence of acute
hemolysis. Anemia usually occurs in the early stage of treatment. In
the course of subsequent treatment, although RBC antibodies may
already exist, the patient can still tolerate nivolumab (7).

Conclusion

It is crucial to identify symptoms and signs of hemolysis
and signs promptly as possible while receiving nivolumab
and oxaliplatin anticancer treatment. The drug causing to
hemolysis should be identified to provide evidence for follow-up
drug selection.
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Oxaliplatin-based chemotherapy is a standard treatment approach for colorectal
cancer (CRC). However, oxaliplatin-induced peripheral neurotoxicity (OIPN) is a
severe dose-limiting clinical problem that might lead to treatment interruption.
This neuropathy may be reversible after treatment discontinuation. Its
complicated mechanisms are related to DNA damage, dysfunction of voltage-
gated ion channels, neuroinflammation, transporters, oxidative stress, and
mitochondrial dysfunction, etc. Several strategies have been proposed to
diminish OIPN without compromising the efficacy of adjuvant therapy, namely,
combination with chemoprotectants (such as glutathione, Ca/Mg, ibudilast,
duloxetine, etc.), chronomodulated infusion, dose reduction, reintroduction of
oxaliplatin and topical administration [hepatic arterial infusion chemotherapy
(HAIC), pressurized intraperitoneal aerosol chemotherapy (PIPAC), and
hyperthermic intraperitoneal chemotherapy (HIPEC)]. This article provides
recent updates related to the potential mechanisms, therapeutic strategies in
treatment of OIPN, and pharmacokinetics of several methods of oxaliplatin
administration in clinical trials.

KEYWORDS

oxaliplatin, peripheral neurotoxicity, colorectal cancer, adverse reaction, mechanism,
pharmacokinetics, therapeutic strategies

1 Introduction

Over 1.88 million new cases and 915,880 deaths from colorectal cancer (CRC) were
estimated in 2020, ranking it the world’s third most commonly diagnosed cancer (after breast
and lung cancers) but second in terms of mortality, with 10% incidence and 9.4% mortality,
higher than in 2018, according to the GLOBOCAN 2020 estimates of cancer incidence and
mortality (Sung et al., 2021; Erratum: Global cancer statistics, 2020; Bray et al., 2018).
Developed countries showed the highest incidence of CRC, however recent data revealed a
significant increase in CRC cases in heavily populated countries such as China, undergoing
rapid economic development (Brody, 2015).

Oxaliplatin, a chemotherapeutic platinum-based agent for the treatment of metastatic
CRC (mCRC), was approved by the US Food and Drug Administration in 2004 (De
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Gramont et al., 2000; Rothenberg et al., 2003; Kuebler et al., 2007;
André et al., 2009; Haller et al., 2011). However, oxaliplatin-induced
peripheral neurotoxicity (OIPN) is a severe dose-limiting clinical
problem that might lead to treatment interruption (Bécouarn et al.,
1998; Diaz-Rubio et al., 1998; Lévi et al., 2000; Boku et al., 2007).
OIPN was occurs in above 85% patients after treatment of
oxaliplatin (Argyriou et al, 2013; Pachman et al, 2015). OIPN
represents a clinical adverse reaction that might lead to dose
reduction or treatment interruption. The prominent feature of
OIPN is the presence of sensory peripheral neuropathy, including
dysesthesias, numbness, and sensory loss in a distribution
resembling a stocking-and-glove pattern, which is possibly
concomitant with neuropathic pain and infrequent motor and/or
autonomic damage (Argyriou et al, 2007; Argyriou, 2015; Avan
et al,, 2015; Staff et al,, 2019). Additionally, OIPN has two distinct
presentations: a distinctive acute peripheral sensory and motor
toxicity which often occurs during or within a few hours after
drug infusion. This type of sensory neuropathy is usually rapidly
reversible. Alternatively, patients may present with peripheral
sensory neuropathy as a result of cumulative dose. These patients
further exhibit increases in incidence, intensity, and duration of
sensory neuropathy with repeated treatments. This type of sensory
neuropathy is moderate and slowly reversible, after treatment
discontinuation (Lévi et al, 1992; Hartmann and Lipp, 2003).
Oxaliplatin reversible neurotoxicity might result from virtually no
accumulation in the plasma (Delord et al., 2003; Merkel et al., 2003),
rather than in red blood cells (RBCs) (Gamelin et al., 1997).
Additionally, the oxaliplatin-induced physical damage in
multiple ways to lead to functional impairment in neurons

including DNA damage, dysfunction of voltage-gated ion

TABLE 1 Standard adjuvant chemotherapy regimens for CRC in guidelines.

Standard
chemotherapy

Leucovorin
(mg/m?)

Oxaliplatin
(mg/m?)

10.3389/fphar.2023.1231401

channels, transporters, oxidative stress, and mitochondrial
dysfunction, efc.

Therefore, various strategies are attempted to optimize
chemotherapy regimens to prevent and treat OIPN by targeting

molecular mechanisms and monitoring pharmacokinetics.

2 Oxaliplatin pharmacokinetics and
OIPN

The NICE guideline [NG151] recommends that the standard
practice for CRC management is appropriate surgery for eligible
patients. Therapeutic regimens (FOLFOX and CAPOX) based on
oxaliplatin are widely used as first-line treatment in CRC, and as an
adjuvant systemic anti-cancer therapy (Table 1) (André et al., 1998;
André et al.,, 1999; Maindrault-Goebel et al., 1999; Maindrault-
Goebel et al., 2001; Cassidy et al., 2004; André et al., 2020; Conroy
et al., 2021). Common chemotherapy regimens include FOLFOX4,
FOLFOX6, mFOLFOX6, and CAPOX. Based on the above-
mentioned guideline chemotherapy regimens, various strategies
are attempted to optimize chemotherapy regimens to increase

antitumor  activity but reduce neurotoxicity, including
adjustments in dose, duration of infusion, mode of
administration, and combination drugs. Of these, the

administration of oxaliplatin included intravenous infusion (IV),
hepatic arterial infusion chemotherapy (HAIC), pressurized
intraperitoneal aerosol chemotherapy (PIPAC), and hyperthermic
intraperitoneal chemotherapy (HIPEC). Both antitumor activity and
OIPN are closely linked to dose per cycle, cumulative dose,
treatment schedule, and duration of infusion. The antitumor

Duration

Fluorouracil (mg/m?)

Others (mg/m?)

FOLFOX 1 dayl infusion 130 2 h infusion 500 2 h infusion 1500-2000 - q2w,
6 months
day 2 - infusion 500 2 h infusion 1500-2000
FOLFOX 2 day1 infusion 100 2 h infusion 500 2 h infusion 1500-2000
day 2 - infusion 500 2 h infusion 1500-2000
FOLFOX 3 day1 infusion 85 2 h infusion 500 2 h infusion 1500-2000 22 h
day 2 - infusion 500 2 h infusion 1500-2000 22 h
FOLFOX 4 day1 infusion 85 2 h infusion 200 2 h Bolus 400, infusion 600 22 h
day 2 - infusion 200 2 h Bolus 400, infusion 600 22 h
FOLFOX 6 day1l infusion 100 2 h infusion 400 2 h Bolus 400 infusion 2400-
3000 46 h
FOLFOX 7 day 1 infusion 130 2 h infusion 400 2 h Bolus 400, infusion 2400 46 h
mFOLFOX 6 day 1 infusion 85 2 h infusion 400 2 h Bolus 400, infusion 2400-
3000 46 h
CAPOX day 1 infusion 130 - - capecitabine, 1000 orally q3w,
twice daily 3 months
Single-agent day - - - capecitabine, 1250 orally q3w,
fluoropyrimidine 1-14 twice daily 6 months
FOLFOXIRI infusion 85 2 h infusion 200 2 h infusion 3200 48 h Irinotecan, 165 1 h

Frontiers in Pharmacology

19

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1231401

Cheng et al.

F-«xB

ase excision

ars

Apoptésis and

crss)

\ / Neuroinflammation

s @,

O IL18, — proinflammatory
_ 2 cytokines

S

10.3389/fphar.2023.1231401

) | ‘ ’

\ ’

@

k,,‘_{r,

|

B Jﬁysfunction of voltage-gated

§ repair
G2/M arrest NN ion channels
* platinump-DNA adducts
DNA damage o 3
é p asic ifiny Uptake and Efflux
E »ETRI- fox transporters
u
adducts H
»ATP7B

Mitochondrial dysfunction
and Oxidative stress

FIGURE 1

i

»
8
i
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activity and OIPN of oxaliplatin and its combined chemotherapy
drugs (namely, erlotinib (Van Cutsem et al., 2008), CKD-732 (Shin
et al.,, 2012), OSI-7904L (Clamp et al., 2008), sorafenib (Kupsch
et al., 2005), nintedanib (Van Cutsem et al., 2015), bevacizumab
(Loupakis et al, 2014), regorafenib (Schultheis et al, 2013),
irinotecan (Wasserman et al.,, 1999; Falcone et al., 2002; Kemeny
et al, 2002; Gil-Delgado et al., 2004; Fornaro et al, 2009),
capecitabine (Pfeiffer et al., 2006), fluorouracil (5-FU) (Cattel
et al,, 2003), Ca/Mg (Han et al., 2013), ibudilast (Teng et al,
2020), glutathione (GSH) (Milla et al, 2009) are shown in
Table 2. Dosing and pharmacokinetic parameters of total and
ultrafiltrate platinum of oxaliplatin are shown in Supplementary
Table S1, S2.

2.1 Reversibility of OIPN and
pharmacokinetics

No accumulation of ultrafiltrate platinum in plasma may be an
important explanation for OIPN reversibility. For the determination
of plasma oxaliplatin concentrations, total platinum content is
quantified for all platinum complexes, whereas ultrafiltrate
platinum quantification considers only platinum complexes not
bound to macromolecules. Ultrafiltrate platinum is considered to
represent all the antitumor bioactive and toxicity. These are removed
from the circulation via irreversible binding to plasma and/or blood
components, tissue uptake, and urine elimination. Platinum that is
irreversibly combined with plasma proteins or RBCs is believed to
have no pharmacological activity (Culy et al., 2000; Graham et al.,
2000). Therefore, monitoring platinum in the ultrafiltrate rather than
in the plasma is an accepted strategy to control oxaliplatin
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metabolism. A cumulative pharmacokinetic pattern of oxaliplatin
administration (130 mg/m®) demonstrated that the platinum
concentration showed a high peak 2h after administration,
followed by a rapid decrease (Gamelin et al., 1997). Subsequently,
residual levels of total platinum on day 22 were quantified as 0.161 +
0.045 ug/mL, with significant accumulation in RBCs, with t;),
equivalent to that of RBCs (Koury, 2014), rather than in plasma.
The results showed a significant correlation between ultrafiltrate and
total platinum concentration curves at all sampling times. In
contrast, significant correlation was observed between RBC
platinum levels and total platinum at late sampling times (day 8,
15,22). Another study also reported that platinum accumulation was
observed in RBCs except in total plasma or in ultrafiltrate plasma
samples (Cho et al, 2006). Thus, OIPN may be reversible after
treatment discontinuation.

2.2 Oxaliplatin IV and OIPN

IV was the most common mode of administration with high
systemic exposure, suggesting a higher incidence of OIPN. The
range of oxaliplatin dose administered as IV 2 h was 60-130 mg/m?,
with 85 and 130 mg/m” being the most frequent doses. Adversely, a
single-dose study reported that grade 1 and 2 OIPN were observed in
all patients at doses of 90 and 130 mg/m? (Shirao et al., 2006).
Furthermore, pharmacokinetic study showed a dose-dependent
increase in maximum concentration (C,.) and exposure/area
under the curve (AUC) for ultrafiltrate and total platinum, with
approximately 3%-4% of total platinum in ultrafiltrate, and that
ultrafiltrate and total platinum were described by a tri-exponential
and bi-exponential open model, respectively.
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TABLE 2 Pharmacodynamics of oxaliplatin.

10.3389/fphar.2023.1231401

Drug and dose Population Antitumor activity n) OIPN (%)
assessable n)
(mg/m?) CR PR MR SD PD All Grade
grades 3/4
v
Shirao et al. (2006) Oxaliplatin 90/130 9 - - - 5 4 100 0
Van Cutsem et al. Oxaliplatin 130+Erlotinib + capecitabine 18 1 4 11 2 61 9
(2008)
Shin et al. (2012) oxaliplatin 130+Capecitabine + CKD732 6 - - - 6 - 89 11.1
Clamp et al. (2008) oxaliplatin 100 + OSI-7904L 6 3 - - - 11 1 100 0
oxaliplatin 130+ OSI-7904L 6 3 - - - 1 100 0
oxaliplatin 130+ OSI-7904L 9 8 - - - - 100 13
Kupsch et al. oxaliplatin 130+sorafenib 32 2 17 38
(2005)
Van Cutsem et al. mFOLFOX6+ nintedanib 85 7 46 - 23 6 78 32
(2015)
mFOLFOX6+ bevacizumab 41 4 19 - 15 1 83 29
Loupakis et al. FOLFOXIRI + bevacizumab 242 12 | 152 - 62 16 - 5.2
(2014)
FOLFIRI + bevacizumab 245 8 128 82 27 - 0
Schultheis et al. FOLFOX + Regorafenib 38 - 4 - 14 - 44 4
(2013)
FOLFIRI + Regorafenib - 3 - 12 - 20 0
Wasserman et al. oxaliplatin 85+ irinotecan 24 - 7 - 9 - - 32
(1999)
oxaliplatin 130+ irinotecan 20
Fornaro et al. oxaliplatin 85+ irinotecan 165 + capecitabine 15 - 8 - 7 - 73 20
(2009)
Kemeny et al. Oxaliplatin30-50+ irinotecan 40 47 - 12 3 14 18 70 0
(2002)
Oxaliplatin 60+ irinotecan 40-75 79 8
Falcone et al. Oxaliplatin 100+ irinotecan 175+ leucovorin 200 + 5-FU 42 5 25 3 8 1 66 5
(2002) 3,800
Pfeiffer et al. (2006) oxaliplatin 130+ capecitabine 1000 70 - 12 - 36 22 79 6
Cattel et al. (2003) Oxaliplatin 25/30/35 +5-FU chronomodulated IV 13 - 7 - 4 2 - 15
Han et al. (2013) oxaliplatin 130+Ca/Mg 19 - - - - - 84 0
-Ca/Mg 19 84 0
Teng et al. (2020) FOLFOX/CapeOx + ibudilast 14 - - - - - 86 0
-ibudilast 86 0
Milla et al. (2009) FOLFOX4 + GSH 14 - - - - - 100 0
-GSH 13 69 31
HAI
Kern et al. (2001) Oxaliplatin 25-150+ leucovorin 200 and 5-FU 600 18 4 6 - 4 4 48 0
Boiléve et al. (2020) Oxaliplatin 100+ leucovorin 5-FU or FOLFIRI + 82 1 36 - 40 - 93 12
cetuximab/panitumumab or bevacizumab
PIPAC
Kim et al. (2021) Oxaliplatin 45/60/90/120/150 16 - ‘ - ‘ - ‘ 10 6 - -

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease. IV, intravenous infusion; HAIC, hepatic arterial infusion chemotherapy; PIPAC, pressurized
intraperitoneal aerosol chemotherapy.
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In addition, oxaliplatin accumulation is also a significant
contributor to OIPN. The incidence of grade 3 to 4 neurotoxicity
increased with cumulative oxaliplatin dose when oxaliplatin
(85-110 mg/m?) was associated with irinotecan (150-250 mg/m?),
which was not observed at cumulative doses below 300 mg/m?* but
presented in 67% of patients receiving above 880 mg/m? oxaliplatin
(Wasserman et al., 1999). Another study with patients receiving
oxaliplatin (30-60 mg/m®) plus irinotecan (40-85 mg/m?) reported
that 24 out of 49 patients received cumulative doses of oxaliplatin
over 1000 mg/m? (Kemeny et al., 2002). In 12% of the subjects, grade
3 neurotoxicity was observed only for cumulative oxaliplatin doses
equal or above 1110 mg/m®. Grade 2 neurotoxicity was observed in
8 subjects: 6 subjects showed signs of neurotoxicity after receiving a
cumulative dose of 960 mg/m’ oxaliplatin, whereas 2 patients
presented neurotoxicity for cumulative doses of 540 and 720 mg/
m?’, respectively.

Chronotherapy refers to chemotherapy delivery according to 24-h
rhythms, thus cellular
Chronotherapy has been proven to be effective in improving drug

biological modulating metabolism.
efficacy and reducing toxicity (Smaaland et al., 1991). There is growing
evidence that circadian pharmacokinetics can be transformed into
chronotoxicity and chronoefficacy (Dong et al., 2020). Several studies
further reported the effect of chronotherapy on oxaliplatin
pharmacokinetics. The threshold oxaliplatin concentration (total
plasma) at which OIPN was observed in patients submitted to
chronomodulated oxaliplatin was 1.50 ug/mL. The correspondent
threshold oxaliplatin concentration in ultrafiltrate plasma platinum
concentrations was determined as 0.15 pg/mL (Cattel et al., 2003). Kern
et al. observed that chronomodulated oxaliplatin administration at
20 mg/m” resulted in a higher maximum plasma level of ultrafiltrate
platinum at 7h compared to constant-rate infusion, with similar
cumulative renal elimination of platinum in both simulations (Kern
1999).
pharmacokinetics and patient specific parameters, such as renal
function, were conducted by Cattel et al (Cattel et al., 2003). Mean
total oxaliplatin C,,,x and AUC,,, were accumulated, accompanied by

et al, Moreover, possible relationships  between

decrease of CL and apparent volume of distribution (Vd) from cycle
1 to cycle 6, with steady elimination constant (Ke). Reduction of
median AUC,,,, CL and Vd in ultrafiltrate oxaliplatin over time, might
result from changes in Ke or half-life (t;/,).

2.3 Oxaliplatin HAIC and OIPN

HAIC, a
malignancies, consists in a pump or percutaneous port-catheter
device surgically implanted into a branch of the hepatic artery.

locoregional treatment strategy for hepatic

HAIC-based approaches have been used in the treatment of
unresectable liver metastases from CRC for decades (Strnad
et al, 2021). A retrospective study showed that OIPN was
reported in 73.8% of 61 patients, including 9.8% with grade 3 to
4 neurotoxicity (Lim et al., 2017).

A recent study has shown that HAIC-oxaliplatin coupled with
systemic chemotherapy and targeted therapy is feasible and safe for
CRC patients with unresectable hepatic metastases, allowing
resection/ablation in almost 27% of patients (Boiléve et al., 2020).
Additionally, grade 3/4 toxicities included 40% neutropenia, 43%
HAI-related abdominal pain, and 12% neurotoxicity.
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Moreover, Lévi et al. suggested that systemic drug exposure
helped explain OIPN for HAIC oxaliplatin, possibly related to a
slightly reduced systemic drug availability and higher availability at
the liver organ during HAT as compared to IV (Lévi et al,, 2017).
Kern et al. reported ultrafiltrate platinum AUC increased linearly
with increasing dose in oxaliplatin HAIC administration (Kern et al.,
2001). A reduction of AUC and Vd was observed for oxaliplatin
HAIC 135 mg/m” for 4 h compared to IV 130 mg/m” for 4 h (Kern
et al., 1999).

2.4 Oxaliplatin PIPAC and OIPN

PIPAC, a novel laparoscopic intraperitoneal chemotherapy
delivery technique, improves the distribution and
penetration of chemotherapeutic drugs used to treat peritoneal

tissue

metastases. Repeated PIPAC with oxaliplatin appears to be a safe,
feasible, and well-tolerated therapy with reduced toxicity, high
intraperitoneal concentration, and low systemic concentration
2016; 2019). The
pharmacokinetic study showed a linear response between dose,

(Demtréder et al, Rovers et al,
Cinaw and AUC, indicating that systemic oxaliplatin exposure was
enhanced with growing PIPAC dosing (Kim et al., 2021). The
platinum level in the ultrafiltrate was calculated as 11% of that in
total platinum at PIPAC oxaliplatin 120 mg/m®. Systemic platinum
exposure at 120 mg/m* was 3.8% of that reported for IV for 2 h of
single-dose oxaliplatin at 130 mg/m* (Shirao et al, 2006).
Additionally, OIPN was not observed in 16 patients. Another
pharmacokinetic study reported that oxaliplatin concentrations
were 3- to 4-times higher in tissue exposed to aerosol than in
unexposed muscle at a dose of 90 mg/m* (Dumont et al., 2020).
Overall safety showed Grade 1 to 2 neurotoxicity occurred in 4 out of
19 PIPAC sessions during PIPAC with oxaliplatin 90 mg/m?* and
grade 1 to 2 and grade 3 to 4 neurotoxicity occurred in 1 of 13 PIPAC
sessions during PIPAC at a dose of 140 mg/m?, respectively.
Electrostatic PIPAC (ePIPAC) had higher tissue penetration of
the chemotherapeutic drugs compared to PIPAC due to addition of
electrostatic precipitation into the aerosol (Kakchekeeva et al., 2016).
Lurvink et al. described that ultrafiltrate platinum AUC after
ePIPAC was similar to that of after IV oxaliplatin at 90 mg/m?,
and higher than that of PIPAC (Lurvink et al, 2021). Urine
concentrations of oxaliplatin declined rapidly, and no oxaliplatin
accumulation was detected between the various ePIPAC procedures.
Unfortunately, the adverse effects are not described.

2.5 Oxaliplatin of HIPEC and OIPN

Peritoneal carcinomatosis (PC) is a general event in the natural
history of CRC. A promising therapeutic option is cytoreductive
surgery plus hyperthermic intraperitoneal chemotherapy (HIPEC,
also known as IPCH) for patients with isolated, resectable PC,
capable of increasing median survival to approximately
63 months with a 5-year survival rate of 51% (Elias et al., 2009).

The pharmacokinetics of HIPEC with oxaliplatin after complete
surgery  indicated  that
concentration was 25-times higher than that in the plasma at

cytoreductive peritoneal  oxaliplatin

460 mg/m®, whereas AUC was lower than that previously reported
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for IV oxaliplatin (130 mg/m®) (Elias et al, 2002). Oxaliplatin
penetration was 17.8 times greater in the tumor than in non-bathed
tissues. Moreover, the authors also failed to identify any serious
hematological, renal, or neurological toxicities, except for 2 fistulas
and 3 deep abscesses (Elias et al., 2002). Subsequently, the authors
revealed that an additional combination of intraperitoneal irinotecan
(400 mg/m?) on the above regimen resulted in 2.5% hospital mortality,
25%  non-hematological ~ complication even 58%  grade
3-4 hematological adverse effects (Elias et al, 2004). Similarly,
Quenet et al. came to the same result: there was no advantage to
intensifying HIPEC with the addition of irinotecan, as opposed to the
results of intravenous combination therapy (Quenet et al, 2011).
However, the most common grade 3-4 side effects with HIPEC
were haemorrhage, digestive leakage, and haematological adverse
events, and no neurotoxicity appeared to be observed (Goéré et al,
2020; Quénet et al,, 2021). However, a retrospective study suggested that
postoperative oxaliplatin-based HIPEC might contribute to improve
ascites-free survival, but is accompanied by high neurotoxicity (Sun
et al,, 2021). Therefore, it requires further studies with large samples to
observe the antitumor activity and OIPN of HIPEC oxaliplatin.

3 Molecular mechanisms

Oxaliplatin cause apoptosis of dorsal root ganglion (DRG)
neurons, but has less neurotoxic to DRG neurons due to forming
fewer platinum-DNA adducts compared to cisplatin (Ta et al,
2006). The leads
functional impairment in neurons through DNA damage,

oxaliplatin-induced ~physical damage to
dysfunction of voltage-gated ion channels, neuroinflammation,
transporters, oxidative stress, mitochondrial dysfunction, and
apoptosis (Figure 1) (Sisignano et al., 2014; Cavaletti and

Marmiroli, 2020; Satat, 2020).

3.1 DNA damage in sensory neurons

OPIN was considered to be secondary to DNA damage of
sensory neurons, and the base excision repair pathway was the
main method for improving DNA damage (Hu et al., 2019). Kelley
et al. reported that reduction of apyrimidinic endonuclease/redox
factor-1 (APE1) in neuronal cultures increased OPIN (Kelley et al.,
2014), and targeting of the APE1 small molecule APX3330 and
APX2009 effectively protected against OIPN without affecting the
anticancer activity (Kelley et al., 2014; Kelley et al., 2016). Moreover,
both thymidylate synthase and the excision cross-complementing
expression were predictive markers of OIPN sensitivity (Shirota
et al., 2001; Arnould et al., 2003).

3.2 Dysfunction of voltage-gated ion
channels

An ever-growing number of studies have shown that oxaliplatin
increased cold sensation through regulating the transcription of
different ionic conductances (Na* channels, K* channels) that
together shape the response of sensory neurons to cold. Therefore,
the prevention of OIPN should be based on ion channels” protection.
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Acute OIPN is associated with regulation of axonal membrane
Na* channels, and chronic dysfunction of sensory axonal excitability
occurs with a growing accumulation of oxaliplatin. Oxaliplatin was
enabled to alter the voltage-gated Na* channels via a pathway
entailing Ca** which was possibly fixed by its metabolite oxalate
(Grolleau et al., 2001). Imbalance of Na* voltage-operated channels
caused transient axonal hyperexcitability, which contributed to
sustained depolarization that motivated the reverse pattern of
Na/Ca**"** exchanger 2, leading to toxic Ca®" accumulation and
axonal damage (Ballarini et al., 2022). Park et al assessed severity for
OIPN by sensory axonal excitability techniques to identify pre-
clinical nerve dysfunction (Park et al., 2009). In a recent study, the
Na/H exchanger isoform-1 (NHEI) was also identified as an
essential contributor to intracellular pH (pH*'i) homeostasis in
nociceptors as a plasma membrane protein (Dionisi et al., 2023).
They revealed that intracellular acidification induced by oxaliplatin
in DRG neurons was primarily determined by Ca**/calmodulin-
dependent phosphatase calcineurin-mediated NHE1 inhibition.

Oxaliplatin  improved hyperexcitability by decreasing the
expression of diverse K" channels (TREKl and TRAAK) and
the of  pro-excitatory
(hyperpolarization-activated channels) (Descoeur et al,, 2011). Sittl

improving expression channels
et al indicated that flupirtine, a clinically available analgesic
activating slow axonal K* channels in the A-fibers of peripheral
alleviated the acute OIPN by suppressing axonal
hyperexcitability (Sittl et al, 2010). Thus, activation of slow K*

channels potentially reduces OIPN in humans. Additionally,

nerve,

oxaliplatin antagonized voltage-operated K" channels on the
peripheral myelinated nerve fibers with a similar pattern of action to
that of 4-aminopyridine (a classical antagonist of voltage-operated K*
channels) (Kagiava et al,, 2008). Preclinical data showed that riluzole
inhibited both sensory and motor dysfunctions through the TREK-1
potassium channel in a mouse model of chronic OIPN (Poupon et al.,
2018). Argyriou et al. produced evidence that the repeat polymorphism
of the voltage-gated K* channel KCNN3 had no effect on OIPN
(Argyriou et al,, 2019).

Transient receptor potential (TRP) channels are related to
progression of oxaliplatin-induced neuropathic pain. Oxaliplatin-
induced cold allodynia was partly involved with high expression of
TRP melastatin 8 (TRPMS) in the primary afferents (Gauchan et al.,
2009; Mizoguchi et al.,, 2016). Further animal experiments showed
that oxaliplatin produced a distinct increase of TRPV1, TRPMS, and
TRPALI expression in the lumbar DRG (Chukyo et al., 2018; Miguel
et al.,, 2022).

3.3 Neuroinflammation

OIPN is associated with increased pro-inflammatory responses in
DRGs and peripheral nerves. As a result of neutrophil extracellular trap
(NET), NLRP3 was activated, and IL18 was released, which contributed
to the development of OIPN (Lin et al., 2022). Oxaliplatin-treated mice
showed elevated levels of NF-kB p65 protein, pro-inflammatory
cytokines, and immune cell infiltration, accompanied by loss of
intraepidermal nerve fibers, mechanical hyperalgesia, and a decrease
in sensory nerve amplitudes (Calls et al., 2022), all of which were
effectively prevented by both minocycline and niclosamide treatment
(Boyette-Davis and Dougherty, 2011; Cerles et al., 2017).
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It is said that Cathepsin S (CTSS), a lysosomal cysteine protease
located steadily in the cytoplasm of immune-relevant cells, facilitates
the activation of microglial cells and then modulates the release of
proinflammatory cytokines and chemokines. Chen et al. found that
oxaliplatin increased CTSS expression though strengthening cytosol
translocation of interferon response factor 1 (Chen et al., 2021).
Thus, targeting the enzymatic activity of CTSS with pharmacological
blocks and gene knockdown strategies could relieve OIPN by a
mechanism related to inhibition of CTSS facilitating olfactory
receptor transcription factor 1 release from P300/CBP binding
and then driving IL-10 downstream signaling pathway.

3.4 Transporters

Transporters have been identified as crucial regulators of drug
disposition, therapeutic efficacy, and adverse events, because they
regulate the absorption, distribution, metabolism, and excretion of
drugs (Sprowl et al,, 2013a; Sprowl et al,, 2016). OIPN is associated
with uptake and efflux of oxaliplatin by the transporter expressed on
DRG cells, such as organic cation transporter (OCT) 2, organic cation/
carnitine transporters (OCTN), copper transporter 1 (CTR1), P-type
ATPases, and multidrug resistance-associated protein 2 (MRP2).

Oxaliplatin was found to be a relatively good substrate for
human OCT2 in the HEK293 cells transiently expressing OCT's
(Yonezawa et al., 2006). The evidence was provided for the critical
role of OCT2 in OIPN. Sprowl et al. found that cellular uptake of
oxaliplatin was significantly increased in cells overexpressing mouse
OCT2 or human OCT2 and was decreased by cimetidine (a known
OCT?2 competitive inhibitor) (Sprowl et al., 2013b). In addition,
genetic and pharmacological knockouts of OCT2 prevented mice
hypersensitivity to cold or mechanically-induced allodynia.
Similarly, Huang et al also demonstrated that targeting
OCT2 with genetic and pharmacological means improved acute
and chronic neurotoxicity in the satellite glial cells (Huang et al.,
2020). Furthermore, Jong et al. reported that uptake and cytotoxicity
of oxaliplatin increased in HEK293 cells overexpressing rat OCTN1,
rat OCTN2, human OCTNI1, and human OCTN2, and that
OCTNI1-mediated transport of oxaliplatin seemed to make a
greater contribution to its neuronal accumulation and
neurotoxicity compared to OCTN2 or OCTs (Jong et al., 2011).

Rat CTR1 (rCTR1) can transport copper and platinum drugs,
and makes cells susceptible to their cytotoxicity (Liu et al., 2009; Liu
etal,, 2013). Interestingly, in cultured rat DRG and HEK/rCTR1 cells
exposure to oxaliplatin, the accumulation of platinum was saturable
and temperature-dependent, but was reduced by copper only in
HEK/rCtr1 cells (Liu et al,, 2013). Although CTR1 regulates cellular
uptake of copper, its removal is mediated by two P-type ATPases,
ATP7A and ATP7B, and ATP7B is closely related to resistance to
platinum drugs through regulation of efflux (Martinez-Balibrea et al.,
2009). A GEMCAD group study showed that the ATP-binding
cassette subfamily G, member 2 (ABCG2) rs3114018 A/A
genotypes were related to a higher risk of severe OIPN (Custodio
et al, 2014). MRP2, encoded by the ABCC2 gene and highly
expressed in the normal gastrointestinal system, functions as a
poly-specific drug efflux pump to transport a number of
substrates across cell membranes through benefiting from energy
produced by ATP hydrolysis (Jemnitz et al., 2010). Overexpression of
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MRP2 inhibited oxaliplatin accumulation and cytotoxicity, which
were reversed by suppression of MRP2 with myricetin or siRNA
knockdown (Myint et al., 2019). A pharmacogenomic study reported
that neurotoxicity above grade 2 was correlated with single-
nucleotide polymorphisms in ABCCI1 [rs2074087: odds ratio =
043 (0.22-0.86)], and ABCC2 [rs3740066: 2.99 (1.16-7.70);
rs1885301: 3.06 (1.35-6.92); rs4148396: 4.69 (1.60-13.74);
rs717620: 14.39 (1.63-127.02)] (Cecchin et al., 2013).

In conclusion, some data are available to support the function of
the mentioned genetic variants of the transporter in the severity of
OIPN, yet the results still need to be confirmed by appropriate
comprehensive and prospective large-scale studies.

3.5 Oxidative stress

Oxidative mediator  of

neuroinflammation,

stress, a  core apoptosis,

metabolic  disorders, and bioenergetic
depletion in neurons, is a vital pathogenic mechanism of OPIN
(Areti et al., 2014). Oxaliplatin accumulation can lead to oxidative
stress in the neurons directly by the formation of DNA adducts or
indirectly by mitochondrial dysfunction of electron transport chain.

Mangafodipir, a magnetic resonance imaging contrast agent,
possess SOD-, catalase-, and GSH reductase-like properties. A
study was performed to suggest that mangafodipir prevented and/
or alleviated OIPN in cancer patients by targeting multiple steps of the
reactive oxygen species (ROS) cascade via detoxifying superoxide
anions and hydrogen peroxide and via restoring GSH (Coriat et al.,
2014). Calmangafodipir, originated from mangafodipir, simulates the
mitochondrial enzyme manganese superoxide dismutase (MnSOD),
thereby reducing ROS and protecting against OIPN without apparent
influence on tumour outcomes (Karlsson et al., 2015; Glimelius et al.,
2018; Canta et al., 2020).

Monosialotetrahexosylganglioside (GM1) is an effective drug for
the treatment of diabetic peripheral neuropathy. GM1 decreased
anti-oxidant stress by increasing superoxide dismutase and GSH
levels to reduce the severity of chronic OIPN (Zhou et al., 2021).
However, the phase III study of GM1 did not support the use of
GMI1 to prevent cumulative OIPN, although patients receiving
GM1 were less disturbed by acute neuropathic symptoms (Wang
et al, 2020). In addition, clinical data also suggest L-carnosine
exhibited a neuroprotective activity against OIPN in CRC
patients by targeting Nrf-2 and NF-«B pathways (Yehia et al., 2019).

3.6 Mitochondrial dysfunction

Mitochondrial dysfunction is a key factor of OIPN (Canta et al,
2015; Krukowski et al., 2015). Oxaliplatin exerted anticancer properties
through crosslinks forming platinum-DNA adducts that led to
inhibition of DNA synthesis, mitochondrial dyfunction and ROS
production (McDonald and Windebank, 2002; Zheng et al., 2011).
Xiao et al indicated that additional mitochondrial dysfunction
worsened the neuropathic pain (Xiao and Bennett, 2012).
Oxaliplatin-induced apoptosis and G2/M arrest in colon cancer cells
are mediated by the apoptotic cascade, with recruitment of Bax to
mitochondria and release of cytochrome C into the cytosol, leading to
activation of caspase3 (Arango et al, 2004). An animal experiment
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showed that OIPN was concomitant with mitochondrial swelling and
vacuolation of peripheral nerve axons, and that acetyl-L-carnitine
protected mitochondrial function to inhibit the development of
neuropathy (Zheng et al,, 2011).

4 Neuroprotective strategies

Risk factors for OIPN consist of dose per cycle, cumulative dose,
treatment regimen, duration of infusion, administration of
chemotherapeutics, comorbidity and pre-existing peripheral
neuropathy (Miltenburg and Boogerd, 2014). Several strategies
have been proposed to reduce or prevent OIPN, including
alternating chemotherapy protocols to decrease the cumulative

dose of oxaliplatin and combining with chemoprotectants.

4.1 Dose and schedule modification

Considering reduction of treatment duration without loss of
efficacy, cost of 3-month adjuvant CAPOX appears to be a
promising option for high-risk stage II colon cancer (Iveson et al., 2021).

4.2 Reintroduction

Oxaliplatin reintroduction might be an operational choice in
patients previously having moderate or severe OIPN. Intermittent
oxaliplatin had a significant benefit on both time-to-treatment
failure and time-to-tumor progression, and reduction of
neurotoxicity compared with continuous oxaliplatin (Tournigand
et al., 2006; Hochster et al., 2014). Compared with mFOLFOX6 and
bevacizumab followed by FOLFIRI plus bevacizumab in patients
with mCRC, Upfront FOLFOXIRI addition of bevacizumab and
reintroduction after progression had a longer median progression-
free survival (19.2 months versus 16.4 months, respectively), with no
reduction of treatment efficacy and no increase in grade 3 or 4 side
effects except for a predicted higher incidence of neurotoxicity (Kato
et al,, 2018; Cremolini et al., 2020). Oxaliplatin reintroduction in
25 mCRC patients after previously receiving FOLFOX or XELOX
worsen the pre-existing OIPN, which significantly correlated with
higher oxaliplatin cumulative dose. Argyriou et al. provided an
explanation that the majority of reintroduced patients (having a
clinically significant grade 1 or 2) progressed to a clinically
significant (grade 2) OIPN instead of a treatment-emergent grade
3 (Argyriou et al,, 2021). Surely, neurological and hypersensitivity
reactions monitoring should be considered (Besora et al., 2018; Kim

et al., 2018).

4.3 Chronomodulated oxaliplatin infusion

Circadian rhythms lead to predictable changes in the body’s
tolerance and responsiveness to drugs, including anticancer agents
(Lévi, 2001). Chronotherapy, the chronomodulated infusion of
oxaliplatin, 5-FU and leucovorin to treat mCRC patients, showed
fewer side effects, including stomatitis and peripheral sensory
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neuropathy, and higher objective response, when compared to
constant-rate oxaliplatin infusion (Ohdo, 2003). A study comparing
the delivery of oxaliplatin by chronomodulation with constant-rate
delivery was conducted by Lévi et al. The authors observed that
chronomodulated oxaliplatin infusion was more effective and less
toxic than oxaliplatin delivered at constant rate over time (Lévi et al,
1994). Severe stomatitis incidence (grade 3 and 4) was 5-fold higher in
patients on constant-rate oxaliplatin, compared to those submitted to
chronomodulated infusion. Peripheral sensitive neuropathy (grade 2)
which was cumulative dose-limiting toxicity of chronomodulated
oxaliplatin was reversible following oxaliplatin withdrawal.

4.4 Topical administration

CRC metastases are frequently found in the liver, lungs, and
peritoneum. In this context, oxaliplatin pharmacokinetics of new
drug delivery strategies (HAIC, PIPAC, and HIPEC) differed partly
from these of IV. Ultrafiltrate platinum of HAIC for hepatic
metastases CRC had lower Vd and comparable CL than that of
intravenous infusion, possibly related to slightly reduction systemic
availability and higher availability at the liver organ of the drug
during HAIC than its IV. PIPAC and HIPEC are treatments for CRC
patients with peritoneal metastases. Total and ultrafiltrate platinum
from PIPAC at dose of 120 mg/m” were 3.8% and 10.2% respectively
of that reported for 2-h IV of single-dose oxaliplatin at 130 mg/m?,
not likely to induce significant systemic adverse events. HIPEC
resulted in high intratumoral oxaliplatin penetration and low
thus
concentrations and reducing systemic toxicity. HIPEC combined
with cytoreductive surgery led to improve survival and lower

concentration in  plasma, improving local tissue

peritoneal recurrence rates (Glehen et al., 2004). However, this
review was limited by the inability to directly compare the
pharmacokinetics, pharmacodynamics, and toxicity of oxaliplatin
after IV administration with those after HIAC, PIPAC, and HIPEC.

4.5 Combination of oxaliplatin with
chemoprotectants

There are no established agents recommended for the
prevention of OIPN in CRC patients treated with neurotoxic
agents, while duloxetine was recommended for patients with
CRC experiencing OIPN (Albers et al., 2011; Hershman et al., 2014).

4.5.1 GSH

Cascinu et al. supported that GSH is a potential candidate in the
prevention of OIPN, without reducing oxaliplatin activity. The
authors found that neurophysiologic investigations (sural sensory
nerve conduction) demonstrated a statistically significant decrease
in the placebo arm than GSH-exposed group (Cascinu et al., 2002)
Milla et al. later found that coadministration of GSH with
FOLFOX4 is an effective strategy to reduce neurotoxicity without
impairing the main pharmacokinetics of oxaliplatin, nor the
platinum-DNA adduct formation (Milla et al., 2009). Twenty-
seven CRC patients who underwent curative resection were
treated with the FOLFOX regimen. Of those, 14 patients received
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Administration routes of oxaliplatin and potential treatment options for OIPN in patients with CRC.

GSH before oxaliplatin, and 13 patients received physiological saline
solution, for a maximum of 12 cycles. Upon completion of
treatment, patients in the GSH arm revealed only moderate
neurotoxicity with grade 1 (50%) and grade 2 (50%), whereas in
the placebo arm the observed neurotoxicity was moderate to severe
with grade 2 (69%) and grade 3 (31%). No grade 4 neurotoxicity was
showed in any group. N-acetylcysteine, as an antioxidant thiol,
enables whole blood concentration of GSH to increase, which may
be protective against OIPN (Bondad et al., 2020). Overall, more
studies are still needed to fully characterize the effects of GSH on
OIPN in these environments.

4.5.2 Ibudilast

Moreover, ibudilast, a neuroimmune modulator that slowed the
progression of neurological damage (Fox et al.,, 2018), might be a
candidate for reducing OIPN. A ‘before vs after’ study showed that
reduced grade 2 neurotoxicity in 2 out of 14 patients, whereas
neurotoxicity had no worsening in 12 out of participants before and
after ibudilast co-treatment (Teng et al., 2020). The feasibility of co-
administration of ibudilast and oxaliplatin to reduce neurotoxicity
urgently needs to be evaluated in large-scale studies.

4.5.3 Ca/Mg

Up to date, there is no consensus on the efficacy of Ca/Mg
infusions to prevent induced neurotoxicity. Based on retrospective
studies, Ca/Mg infusions inhibited the incidence and intensity of
acute OIPN and might delay cumulative neuropathy (Gamelin et al.,
2004; Grothey et al,, 2011). Subsequently, numerous studies have
questioned the benefits of Ca/Mg infusions in reducing acute OIPN
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(Gamelin et al., 2008; Wu et al., 2012; Han et al., 2013). Large-scale
randomized, controlled clinical trials in CRC population are
necessary to confirm these preliminary data.

4.5.4 Carbonic anhydrase inhibitor

FDA-approved drugs (namely, topiramate and acetazolamide)
that inhibit carbonic anhydrase, an enzyme associated with
haemoglobin in intracellular pH homeostasis, reverted oxaliplatin-
induced modulation of TRPA1 and TRPV1 in cultured DRG neurons,
as well as acute cold allodynia in mice without reducing oxaliplatin-
induced cytotoxicity on cancer cells, and prevented oxaliplatin-related
axonal hyperexcitability (Alberti et al., 2020; Potenzieri et al., 2020).

4.5.5 Serotonin—noradrenaline reuptake inhibitor

There is growing evidence that serotonin and norepinephrine
reuptake inhibitors are an effective treatment for neuropathy-
related pain (Saarto and Wiffen, 2007). The mechanism of
duloxetine-induced analgesia is considered to be relevant to
the blockade of serotonin and norepinephrine transporters. A
clinical trial showed that 59% of duloxetine-treated patients
reported a greater reduction in painful OIPN compared to
38% of placebo-treated patients for 5 weeks (Smith et al,
2013). Although duloxetine is the only drug recommended by
the American Society of Clinical Oncology that can be used for
the management of chemotherapy induced peripheral
neuropathy (Loprinzi et al., 2020), this recommendation was
not followed in clinical practice. An NIH Collaboratory study of
claims data showed the following incidence of new analgesic

prescriptions for neurotoxicity: 7.1% for gabapentin, 0.69% for
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pregabalin, and 0.78% for duloxetine (Gewandter et al., 2020).
Another cross-sectional study showed that the major analgesic
drugs used by French oncologists were pregabalin (75.8%),
amitriptyline (32.7%), gabapentin (25.5%), and duloxetine
(11.8%) in the treatment of neurotoxicity (Selvy et al., 2021).
A comparison of clinical trial studies indicated that a 60 mg dose
of duloxetine was secondary to a 150 mg dose of pregabalin in
relieving neuropathic pain (Salehifar et al., 2020).

Furthermore, venlafaxine has clinical activity against OIPN,
with more frequent full relief (31.3% versus 5.3%) (Durand et al.,
2012). A single-center retrospective case-control study reported the
rates of obtaining over 75% symptomatic relief for OIPN under
venlafaxine treatment were 53.5, 58.3, and 45.2% in the first, second,
and third visits, respectively, compared to 0, 0, and 0% in the control
group (Kus et al., 2016)

Additionally, animal experiments showed the potential of
vortioxetine (Micov et al., 2020), milnacipran (Andoh et al,
2015), and fluoxetine (Baptista-de-Souza et al., 2014) against
Of these, the
reduction of pain hypersensitivity by vortioxetine, a novel
that
(1-15 mg/kg), which may be associated with increased levels

oxaliplatin-induced mechanical allodynia.

antidepressant, was comparable to of duloxetine
of serotonin and norepinephrine in the brainstem of treated
OIPN mice. Nonetheless, there is inadequate appropriate
evidence to support the use of the above drugs for patients

with established painful OIPN.

5 Conclusion

Ultrafiltrate platinum has an antitumor effect, at the cost of
additional toxic properties. Peripheral neuropathy is recognized as a
major long-term adverse effect of oxaliplatin chemotherapy, the risk
of which increases due to oxaliplatin accumulation. Administration
routes of oxaliplatin and potential treatment options for OIPN were
shown in Figure 2.

Comparing the efficacy and OIPN of adjuvant therapy duration
from 6 to 3 months in populations with different disease processes
has been focused of recent studies, and patients with low-risk CRC
may benefit from 3 months of CAPOX therapy (Yoshino et al., 2019;
Petrelli et al., 2020; Yoshino et al., 2022). There is a positive trend
towards a higher rate of organ preservation with total neoadjuvant
therapy ~ (chemoradiotherapy  followed by  consolidation
chemotherapy, CRT-CNCT) and the watch-and-wait approach
induction  chemotherapy  followed by
chemoradiotherapy (INCT-CRT) (Aref and Abdalla, 2022;
Garcia-Aguilar et al, 2022; Siitctioglu et al, 2023). However,

compared  to

survival outcomes between the two TNT regimens are not
different; therefore, more in-depth and rigorous studies with
reliable criteria are urgently needed to explain the pros and cons
of CRT-CNCT and INCT-CRT.

Topical administration (HAIC, PIPAC, and HIPEC) may be a
feasible and promising strategy to increase antitumor activity while
reducing neurotoxicity due to its low systemic exposure and high
local concentration (Yamashita, 2004; de Jong et al., 2021). However,
it is worthwhile to be alert to the risks associated with topical
administration procedures, such as pump pocket complications,
catheter or arterial complications, toxic or ischemic complications
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(Strnad et al., 2021), bowel obstruction, bleeding, abdominal pain
(Alyami et al.,, 2019), and complications related to postoperative
management (Hiibner et al., 2020). Significantly, heterogeneous
standardization of topical administration trials was in the context
of patient selection, chemotherapy regimens, doses, number of
cycles, technical protocols, and whether to combine topical
administration with systemic chemotherapy, which led to
controversial differences in treatment efficacy. Thus, there is an
urgent need to standardize topical administration trial reports and
datasets. It is suggestive for clinical practice although further
validation of the effectiveness and OIPN of topical
administration is required.

A post hoc analysis revealed difficulties in deciding the timing for
discontinuation or suspension of oxaliplatin in patients with grade
2 OIPN, because physician likely underestimated OIPN via the
Common Terminology Criteria for Adverse Events (CTCAE) and
Functional Assessment of Cancer Therapy/Gynecologic Oncology
Group-Neurotoxicity (FACT/GOG-Ntx) in patients with mCRC
during early treatment (Miura et al., 2021). Perhaps, diagnostic
microdosing and evaluation of multiple single nucleotide
polymorphisms in oxaliplatin transporters may be a promising
strategy to assess OIPN for treatment customization in CRC
patients (Nichetti et al., 2019; Zimmermann et al.,, 2020). As a
result, there is an increased need for more effective and standardized
assessment methods.

An increasing number of Traditional Chinese Medicines exerted
protective effects against OIPN, such as curcumin (Howells et al.,
2019), forsythia viridissima (Yi et al., 2019a; Yi et al., 2019b), rutin,
quercetin (Azevedo et al., 2013), Huangqi Guizhi Wuwu decoction
(Cheng et al, 2017), and resveratrol (Donald et al, 2017), etc.
Furthermore, laser acupuncture and ultrasound acupuncture
alleviated  both cold and

mechanical allodynia and also reduced the incidence and severity

significantly oxaliplatin-induced
of neurotoxicity symptoms, which could be effective interventions
for OIPN symptoms in patients with CRC (Hsich et al., 2016; Chien
et al., 2021).

Until now, the standard duration of adjuvant chemotherapy
cycles for CRC has been between 3 and 6 months. However, efforts
have been made to reduce treatment time in order to reduce toxicity.
Recently developed strategies, such as chronomodulated infusion
and chemoprotectants combination have been assessed to manage
neurotoxicity. Further, more strategies to reduce toxicity based on
pathophysiological mechanisms of neurotoxicity are necessary.
Moreover, such studies should include long-term patient follow-
up, and assess specific parameters such as quality of life, cost-benefit
relationship, required resources, and racial disparities, among others
(Kennedy et al., 2022).
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Glossary

5-FU
APE1
AUC
CL
Cmax
CR
CRC
CRT-CNCT
CTCAE
CTSS
DRG
ePIPAC

FACT/
GOG-Ntx

GM1
GSH
HAIC
HIPEC
INCT-CRT
v
MATE
mCRC
MRP2
NHE1
OCT
OIPN
PC

PD
PIPAC
PR
RBCs
rCTR1
ROS
SD

tin
TRP
TRPMS8

vd

Fluorouracil

Apyrimidinic endonuclease/redox factor-1
Exposure/area under the curve

Clearance

Maximum concentration

Complete response

Colorectal cancer

Chemoradiotherapy followed by consolidation chemotherapy
Common Terminology Criteria for Adverse Events
Cathepsin S

Dorsal root ganglion

Electrostatic PIPAC

Functional Assessment of Cancer Therapy/Gynecologic
Oncology Group-Neurotoxicity

Monosialotetrahexosylganglioside

Reduced glutathione

Hepatic arterial infusion chemotherapy
Hyperthermic intraperitoneal chemotherapy
Induction chemotherapy followed by chemoradiotherapy
Intravenous infusion

Multidrug and toxin extrusion

Metastatic CRC

Multidrug resistance-associated protein 2
Na/H exchanger isoform-1

Organic cation transporter
Oxaliplatin-induced peripheral neurotoxicity
Peritoneal carcinomatosis

Progressive disease

Pressurized intraperitoneal aerosol chemotherapy
Partial response

Red blood cells

Rat copper transporter 1

Reactive oxygen species

Stable disease

Half-life

Transient receptor potential

TRP melastatin 8

Apparent volume of distribution
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A real-world pharmacovigilance
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reporting system database for
upadacitinib

Yan Wu, Meihao Wei and Jing Zhang*

Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, China

Objective: To mine the adverse drug event (ADE) signals of upadacitinib based on
the Food and Drug Administration (FDA) Adverse Event Reporting System (FAERS)
database to provide a reference for the safe clinical use of the drug.

Methods: The ADE data for upadacitinib from Q1 2004 to Q1 2023 in the FAERS
database were retrieved, and data mining was performed using the reporting odds
ratio and proportional reporting ratio.

Results: A total of 21,213 ADE reports for the primary suspect drug upadacitinib
were obtained, involving 444 ADEs. Patients aged =60 years (21.48%) and female
(70.11%) patients were at a higher risk of ADEs with upadacitinib. After data
cleaning, 182 ADE signals from 19 system organ classes (SOCs) were obtained.
Six of these SOCs that occurred more frequently and were not mentioned in the
drug labeling information included renal and urinary system (1.09%), reproductive
and breast diseases (1.14%), ear and labyrinth disorders (0.57%), psychiatric disease
(0.57%), blood and lymphatic system disorders (0.57%), and endocrine disorders
(0.57%). The top ten most frequent ADE signals reported for upadacitinib were
mainly related to: infections and infestations (7), investigations (2), and skin and
subcutaneous tissue disorders (1). The top 10 ADEs in signal intensity ranking were
lip neoplasm, ureteral neoplasm, eczema herpeticum, vulvar dysplasia,
mediastinum neoplasm, eosinopenia, herpes zoster cutaneous disseminated,
eye ulcer, acne cystic, and Moraxella infection. The top 10 high-frequency
events leading to serious adverse events were urinary tract infection (2.74%),
herpes zoster (1.63%), diverticulitis (1.19%), bronchitis (0.68%), nasopharyngitis
(0.68%), localised infection (0.66%), nephrolithiasis (0.66%), pulmonary
thrombosis (0.66%), blood cholesterol increased (0.55%), and Pneumocystis
Jirovecii pneumonia (0.53%).

Conclusion: Clinicians should be vigilant to upadacitinib-induced events in
systems not covered in the drug labeling information and to new and highly
signaled ADEs to ensure the safe and effective use of upadacitinib.

KEYWORDS

adverse event, FAERS database, upadacitinib, therapeutic drug monitoring,
pharmacovigilance
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1 Introduction

Janus kinase (JAK) inhibitors are small-molecule compounds
that can block the signal transduction of the JAK/STAT (signal
transducers and activators of transcription) signaling pathway
(Clark et al, 2014). JAK inhibitors block the synthesis and
secretion of various inflaimmatory factors, thus exerting anti-
inflammatory and immunomodulatory effects (Xin et al., 2020).
This finding provides an opportunity for treating primary immune
auto-

deficiency diseases, hereditary autoimmune diseases,

inflammatory diseases, and hematological and oncological
2021).

upadacitinib has received much attention as the world’s first

disorders  (Mclnnes and  Gravallese, Currently,
highly selective JAK inhibitor. Upadacitinib was launched in the
United States on August 16, 2019 and is approved by the Food and
Drug Administration (FDA) for the treatment of rheumatoid
arthritis (RA), psoriatic arthritis (PsA), ulcerative colitis, atopic
dermatitis, ankylosing spondylitis, and non-radiographic axial
spondyloarthritis. The drug entered the Chinese market on
February 24, 2022.

In addition to affecting pathogenic pathways, the JAK/STAT
pathway is critical for normal signal transduction in the body
(Banerjee et al., 2017). Therefore, while inhibiting the JAK/STAT
pathway may alleviate certain inflammatory symptoms, it is also
likely to inhibit the normal transmission of essential cytokines in the
body (Clarke et al., 2021). In particular, when JAK inhibitors are
unable to selectively inhibit specific disease-related signaling
pathways, they will inevitably have an impact on overall cytokine
expression in the body. Non-selective JAK inhibitors, such as
tofacitinib, have been found to have a high incidence of adverse
events such as infections, cardiovascular disease, tumors, and liver
injury in clinical trials (Ytterberg et al, 2022). Upadacitinib
selectively inhibits the JAKI1 pathway, and the compound is
60 and 100 times more selective for JAK1 over JAK2 and JAK3,
respectively, at the cellular level (Parmentier et al, 2018).
Disinhibition of JAK2 may lead to thrombocytopenia and
anemia, and disinhibition of JAK3 may lead to a lack of T and
B cell activity, which can lead to immunodeficiency and infections
(Choy, 2019).

However, the adverse effects of upadacitinib should not be
ignored. In a systematic review and network meta-analysis, Lasa
et al. (2022) found that upadacitinib ranked highest in adverse
effects compared to other biologics and small molecules used to treat
patients with moderate-to-severe ulcerative colitis. In recent years,
more attention has been paid to the adverse effects of JAK inhibitors
in terms of thrombosis (Setyawan et al., 2021; Dong et al., 2022).
There is, however, a lack of data on other side effects of upadacitinib.
To this end, we study aimed to analyze the real-world safety of
upadacitinib by mining the latest data in the FDA Adverse Event
Reporting System (FAERS) database.

2 Materials and methods
2.1 Data source
The data used in this study were obtained from the FAERS

database, which has been open to the public since 2004 and collects
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adverse drug events (ADEs) from the world. The data are
spontaneously reported by medical professionals, patients, and
pharmaceutical companies from different regions, and are
extremely voluminous and not limited by space and time,
allowing for the early detection of ADE signals and providing a
basis for the safe clinical use of drugs (Zhai et al., 2019). In this study,
the FAERS database was accessed through the OpenVigil 2.1 data
platform. This platform is a pharmacovigilance tool validated by
scholars such as Bohm, University of Kiel, Germany (Bohm et al.,
2016). Due to spontaneous reporting, the FAERS database has flaws
like inadequate reporting data, irregular reporting, and duplicate
reporting. In contrast, this platform only loads reports with
complete case information from the FAERS database and
performs subsequent cleaning, so the total number of ADE
frequencies may be slightly less than that of the FAERS database.
However, the quality of data and results based on this platform
analysis is more reliable due to the exclusion of incomplete reports.
This study was conducted wusing the FAERS database.
“Upadacitinib”, “Rinvoq”, and “ABT-494" were used as search
terms, choosing “primary suspect” as the drug role, and the
search period was from Q1 2004 to Q1 2023.

2.2 Data mining and cleaning

Frequency methods were used to detect ADE signals of
upadacitinib, including the reporting odds ratio (ROR) and
proportional reporting ratio (PRR) in the proportional imbalance
method. In this method, the target ADE occurrence ratio of the
target drug is compared with that of all other drugs. If the target
ADE occurrence ratio is greater than the set threshold, it is
considered as imbalance, which indicates the generation of
ADE Both methods
disproportionality fourfold table (Supplementary Table S1). The

potential signal. are based on the
ROR value, PRR value, and the corresponding 95% confidence
interval (95% CI) were calculated according to the formulae
(Sakaeda et al., 2013; Bohm et al, 2021). The formulae and
thresholds for the ROR and PRR methods are shown in
Supplementary Table S2. ADEs that met both the above ROR
and PRR signal requirements were included and analyzed in this
study. The internationally used methods for signal mining of ADEs
are proportional imbalance analysis, including the PRR method,
ROR method, Bayesian Confidence Propagation Neural Network
(BCPNN), and Gamma Poisson Shrinker (GPS) (Kubota et al.,
2004). The frequency method is simple to calculate and highly
sensitive, but the possibility of false positives is high when the
number of adverse events is very small; the Bayesian method is
stable, but the calculation is complex and the signal detection time is
relatively lagging. Therefore, both the PRR method and the ROR
method were used in this study to improve the sensitivity and
specificity of ADE signal detection. The higher the ROR and PRR,
the stronger the ADE signal and the stronger the statistical
relationship between the target drug and the target ADE
(Sakaeda et al., 2013).

OpenVigil 2.1 data platform cleanses two files based on
demographic information and drug information, retaining only
those cases where all drugs in the report are accurately identified.
After removing the duplicate individual safety reports, to reduce the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1200254

Wu et al.

TABLE 1 Basic information of upadacitinib ADE reports.

N. Of reported ADEs Ratio (%)

Gender
Male 5043 23.77
Female 14872 70.11
Unknown 1298 6.12
Age group, (y)
<18 89 0.42
18-59 4085 19.26
>60 4557 21.48
Unknown 12482 58.84
Reported Countries

United States 15134 71.34
Canada 779 3.67
Japan 393 1.85
Germany 383 1.81
Brazil 222 1.05

“indication bias”, we screened excluded the indication-related
signals and system organ classes (SOCs) not related to drug
therapy, such as injury, poisoning, and procedural complications,
product issues, surgical and medical procedures, and social
circumstances.

2.3 Statistical analysis

The ADEs were categorized and described according to the
preferred term (PT) and SOC in the International Medical
Dictionary for Regulatory Activities (MedDRA), version 25.0
(Tieu and Breder, 2018). R language version 4.2.1 and Microsoft
Excel 2019 were used to process the data.

3 Results
3.1 Descriptive results

After data cleaning, a total of 21213 adverse drug event (ADE)
reports for upadacitinib were retrieved from Q1 2004 to Q1 2023,
and 444 ADE signals were detected. In terms of gender composition,
the number of females (14872 cases) was higher than that of males
(5043 cases). Excluding 58.84% of patients of unknown age, fewer
than 1% of the patients were under the age of 18 (0.42%), 19.26%
were between the ages of 18 and 59, and 21.48% were over the age of
60. Reports originated from 51 countries, among which the top five
countries were the United States, Canada, Japan, Germany, and
Brazil, accounting for 79.72% of the total reports. Basic information
regarding ADE reports concerning upadacitinib is presented in
Table 1.
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3.2 ADE signals and organs involved in
upadacitinib

Using the PRR and ROR methods, 444 ADE signals for
upadacitinib were filtered according to the threshold value.
After data cleaning, 182 signals remained, involving 19 SOCs,
with a cumulative ADE frequency of 6100. The results showed
that the SOCs with a high number of signals were infections and
infestations (42.31%),
unspecified (incl cysts and polyps) (9.89%), investigations
(9.34%), and skin and subcutaneous tissue disorders (7.69%).
Six of these SOCs identified were not mentioned in the drug

neoplasms benign, malignant and

labeling information for upadacitinib: renal and urinary system
(1.09%), reproductive and breast diseases (1.14%), ear and
labyrinth disorders (0.57%), psychiatric disease (0.57%),
blood and lymphatic system disorders (0.57%), and endocrine
disorders (0.57%).

3.3 ADE frequency of upadacitinib

Sorted by frequency, the top ten most frequent ADE signals
reported for upadacitinib were mainly related to: infections and
infestations (7), investigations (2), and skin and subcutaneous tissue
disorders (1) as detailed in Table 2.

3.4 Signal strength of ADEs of upadacitinib

The 182 upadacitinib ADE signals obtained were analyzed
using the PRR method and the ROR method. The results of
sorting by the PRR and the ROR methods are consistent. The top
ten ADEs in the signal intensity ranking were all closely
correlated with upadacitinib: lip neoplasm, ureteral neoplasm,
eczema herpeticum, vulvar dysplasia, mediastinum neoplasm,
eosinopenia, herpes zoster cutaneous disseminated, eye ulcer,
acne cystic, and Moraxella infection, as shown in Table 3. Except
for unknown age, 92.3% of all malignancies occurred in older
patients (=53 years).

3.5 Signals of serious adverse events with
upadacitinib

After removing ADEs that did not specify the outcome of the
adverse event, the clinical outcomes were analyzed and the
frequency of serious adverse event (SAE) signals leading to
death, life-threatening events, hospitalization or prolongation
of the patient’s hospital stay, disability, and teratogenicity were
collected and ranked. Overall, 22.2% of upadacitinib reports
were associated with serious outcomes. The top ten most
frequent occurrences were urinary tract infection (2.74%),
herpes zoster (1.63%), diverticulitis (1.19%), bronchitis
(0.68%), nasopharyngitis (0.68%), localised infection (0.66%),
nephrolithiasis (0.66%), pulmonary thrombosis (0.66%), blood
cholesterol increased (0.55%), and Pneumocystis jirovecii
pneumonia (0.53%). Among them, nephrolithiasis (0.66%)
was not mentioned in the drug labeling information.
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TABLE 2 Top 10 ADE frequency of upadacitinib

10.3389/fphar.2023.1200254

) SOC Frequency PRR (x2) ROR (95%Cl)
Nasopharyngitis Infections and infestations 465 2.946 (597.479) 2.99 (2.727-3.278)
Urinary tract infection Infections and infestations 439 3.016 (590.619) 3.058 (2.782-3.362)
Acne Skin and subcutaneous tissue disorders 407 12.867 (4356.46) 13.099 (11.863-14.464)
Infection Infections and infestations 304 2.446 (258.89) 2.467 (2.202-2.763)
Herpes zoster Infections and infestations 304 5.858 (1211.036) 5.928 (5.291-6.643)
Sinusitis Infections and infestations 278 3.166 (409.242) 3.194 (2.837-3.597)
Blood cholesterol increased Investigations 189 3.919 (406.277) 3.945 (3.417-4.555)
Bronchitis Infections and infestations 144 2.123 (84.351) 2.13
(1.808-2.51)
Hepatic enzyme increased Investigations 137 2.323 (101.801) 2.332
(1.97-2.759)
Upper respiratory tract infection Infections and infestations 133 3.305 (210.802) 332
(2.798-3.939)

TABLE 3 Top 10 signal strength of ADEs of upadacitinib
PT SOC

Lip neoplasm

Ureteral neoplasm

Neoplasms benign, malignant and unspecified (incl cysts and polyps) 3

Neoplasms benign, malignant and unspecified (incl cysts and polyps) 3

N. PRR (x2) ROR (95%Cl)

47.631 (87.335) 47.637 (14.704-154.335)

47.631 (87.335)  47.637 (14.704-154.335)

Eczema herpeticum Infections and infestations 16 46.188 (615.686) 46.222 (27.795-76.864)
Vulvar dysplasia Reproductive system and breast disorders 4 36.565 (99.037) 36.572 (13.329-100.346)
Mediastinum neoplasm Neoplasms benign, malignant and unspecified (incl cysts and polyps) 4 30.94 (83.555) 30.945 (11.328-84.532)
Eosinopenia Blood and lymphatic system disorders 3 26.231 (47.657) 26.235 (8.257-83.356)
Herpes zoster cutaneous disseminated Infections and infestations 4 20.985 (55.499) 20.989 (7.745-56.882)

Eye ulcer Eye disorders
acne cystic

Moraxella infection

Skin and subcutaneous tissue disorders 19

Infections and infestations 3

6 14.308 (60.112) 14.312 (6.369-32.162)

13.696 (206.396) 13.707 (8.697-21.603)

13.116 (22.057) 13.117 (4.179-41.176)

4 Discussion

This study discovered that there were more ADE reports from
female patients than from male patients for upadacitinib (14,872 and
5,043,respectively). Hunter T M et al. found a 1:4 ratio of the
patients with RA in the
United States (Hunter et al., 2017), consistent with our findings

incidence of male-to-female
with the ratio of ADE reports. In terms of age, the frequency of
adverse reactions was higher in older individuals (>60 years).
Approximately 45% of the patients with RA are older than
65 years (Hunter et al,, 2017), which is a patient group that may
be associated with an increased risk of serious infections (Peng et al.,
2020).

In this study, 182 signals involving 19 SOCs were mined.
SOCs with a higher frequency of occurrence and more signals
mainly focus on infections and infestations, investigations,
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neoplasms benign, malignant and unspecified (incl cysts and

polyps), gastrointestinal  disorders, vascular disorders,
pneumonia, infection, herpes zoster, sinusitis, thrombosis,
localised infection, and skin cancer. These ADEs are

frequently reported, and are stated in the drug labeling
information. Specific ADEs mentioned in the instructions,
such as severe infection, tuberculosis, opportunistic infection,
malignancy, gastrointestinal perforation, thrombosis, elevated
hepatic transaminases, elevated lipids, and anemia were all
detected in this study, which further verified the reliability of
the current study.

It can be seen from the results of this study that most ADEs
were concentrated in the infections and infestations SOC, both
in terms of signal percentage (42.13%), frequency of occurrence
(55.62%), and leading to SAEs, which is consistent with the
results of previous safety trials of upadacitinib (Sandborn et al.,
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2020; Mclnnes et al., 2021; Reich et al., 2021). McInnes et al.
(2021) found that the incidence of infection with upadacitinib
was 39.4%-43.3%, and in this study, the real-world incidence of
infection slightly higher than in clinical trials, which may be
related to real-world patient diversity. Urinary tract infections,
which were the second most frequently reported, have been
reported in a previous phase III clinical trial report (Cohen et al.,
2021). The sites of infection were not specified in the infections
section in the drug labeling information.

In addition to common ADEs, data from this study
uncovered renal and urinary system, reproductive and breast
diseases, ear and labyrinth disorders, psychiatric disease, blood
and lymphatic system disorders, and endocrine disorders. Such
ADEs not mentioned in the drug labeling information,
warranting further study to determine the causal relationship
between ADEs and the drug. In the top 10 ranking of
upadacitinib ADEs in terms of signal strength, both tumors
and infections had strong signal intensities, suggesting a high
correlation. Inhibition of the JAK/STAT pathway leads to loss of
immune cell function, which induces malignancy. Except for
unknown age, 92.3% of all malignancies occurred in older
patients (=53 years), consistent with clinical trial results
2022). Older
attention for tumorigenesis. Among the top ten signals

(Fleischmann et al., patients need more
leading to serious adverse reactions, nephrolithiasis was not
mentioned in the drug labeling information. Liang et al.
(2019) found that some long-noncoding RNAs (IncRNA),
microRNAs (miRNA), and messenger RNAs (mRNA) in the
urine of patients with kidney stones were significantly different
from those of normal subjects. These RN As play a key role in the
JAK/STAT pathway, which may be potentially related to kidney
stones. As upadacitinib has only been on the market for a short
time, no case reports or studies of these ADE-related adverse
reactions exist, however, a total of 31 such ADE reports can be
found in the FAERS database. We believe that the present study
provides additional information for clinical practice and
suggests that physicians should be highly vigilant to the
possibility of such ADEs as early as possible.

This study had some limitations: 1) due to upadacitinib only
being approved for use for a relatively short time and
considering that the FAERS database is spontaneously
presented, there may be problems of missing reports and
under-reporting of ADEs, resulting in a bias in the results of
signal analysis; 2) the FAERS database does not provide the
baseline conditions of patients, in terms of preexisting
conditions and liver and kidney function, so it is impossible
to determine the influence of these factors on the occurrence of
ADE; 3) OpenVigil 2.1 data platform does not grab the
information about the reporter from the FAERS database, and
our results would have been more complete if this part of the
information had been made available; 4) the ROR and PRR
methods can only indicate the existence of a statistical
correlation between the target drug and the target ADE and
cannot indicate the causal relationship between them. The ADE
signals that differ from the drug labeling information obtained
in this study need to be further explored by reviewing new
clinical data and research methods.
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5 Conclusion

In conclusion, this study used the OpenVigil 2.1 data platform
based on the FAERS database to mine the ADE signals of
upadacitinib, eliminate incomplete information, and make the
data analysis completer and more reliable, which can provide a
reference for the safe use of upadacitinib in patients. Clinicians
should be vigilant to the possibility of new ADEs identified in this
study that are not detailed in the drug labeling information. Safety
monitoring should be reinforced to effectively reduce the incidence
of upadacitinib-related ADEs.
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Background: The inflammatory factor YKL-40 is associated with various
inflammatory diseases and is key to remodeling inflammatory cells and
tissues. YKL-40 (Chi3ll) promotes the activation of tissue factor (TF),
leading to intrahepatic vascular coagulation (IAOC) and liver injury. TF is a
key promoter of the exogenous coagulation cascade and is also involved in
several signaling involving cell proliferation, apoptosis, charring, migration and
inflammatory diseases pathways. However, the effect of YKL-40-induced TF-
PAR1 pathway on the expression of downstream chemokines remains
unknown.

Methods: We established a liver injury model using Concanavalin A (ConA) in C57
BL/6 mice. By adopting various experimental techniques, the effect of YKL-40
induced TF-PAR1 pathway on the expression of downstream chemokine ligand 2
(CCL2) and IP-10 was verified.

Results: We found that overexpression of YKL-40 increased the expression of TF,
protease-activated receptor 1 (PAR1), CCL2 and IP-10 in mice and exacerbated the
severity of liver injury. However, blocking the expression of TF significantly
reversed the extent of liver injury.

Conclusion: We found that YKL-40 promotes the expression of downstream
chemokines ligand 2 (CCL2) and IP-10 by activating the TF-PAR1 pathway, leading
to increased recruitment of inflammatory cells and exacerbating the progression
of liver injury. This provides a new approach for the clinical treatment of drug-
induced liver injury.

KEYWORDS

YKL-40, TF-PAR1 pathway, inflammation, liver injury, CCL2, IP-10

Abbreviations: TF, Tissue factor; IAOC, intrahepatic vascular coagulation; ConA, concanavalin A; PARL,
protein kinase 1; Chi3ll, inflammatory factor YKL-40; DILI, drug-induced liver injury; CCL2, Chemokine
ligand 2; HCV, Hepatitis C.
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1 Introduction

Drug-induced liver injury (DILI) is the primary cause of acute
liver failure and poor outcomes of transplantation. The annual
incidence rate of DILI has increased recently, outpacing fatty
liver disease and viral hepatitis (Katarey and Verma, 2016).
that
coagulation (IAOC) is a major cause of the onset and

Several studies have revealed intrahepatic  vascular
progression of liver fibrosis, cirrhosis, and liver cancer (Ganey
et al,, 2007; Sullivan et al.,, 2013; Miyakawa et al., 2015), and the
inflammatory factor YKL-40 (Chi3ll) is associated with various
inflammatory diseases. YKL-40 levels are increased to varying
degrees in infectious diseases, such as respiratory, kidney, liver,
cardiovascular, and skin inflammatory diseases (Montgomery et al.,
2017; Ma et al.,, 2018; Shan et al., 2018; Arain et al., 2020; Ebrahim
et al,, 2020), and it has diagnostic as well as prognostic value as an
inflammatory marker.

YKL-40 is a member of the 18-glycosyl hydrolase family without
chitinase activity. It is expressed in several cells, including
megaphage/monocytes, neutrophils, fibroblasts, vascular smooth
muscle cells, and chondrocytes (Johansen, 2006; Lee et al., 2011).
Overexpression of YKL-40 is linked to the pathogenesis and
prognosis of several inflammatory diseases. YKL-40 affects
angiogenic  activity,
epithelial-mesenchymal transformation, by promoting the release

inflammatory  microenvironment, and

of inflammatory factors, resulting in the activation of corresponding
signal transduction pathways (Montgomery et al., 2017; Ma et al,,
2018; Shan et al., 2018; Arain et al., 2020; Ebrahim et al., 2020).
Studies in murine model of concanavalin (ConA)-induced liver
injury have revealed that YKL-40 (Chi3ll)
activation of tissue factor (TF), thereby inducing IAOC and

promotes the

eventually leading to liver injury (Shan et al., 2018). However,
the mechanism underlying TF-mediated activation of TAOC that
exacerbates liver disease is not fully understood.

Coagulation dysfunction caused by liver injury is frequently
associated with upregulated TF expression (Hisada et al., 2016;
Henderson et al., 2021). The dysregulated coagulation cascade
has been the main pathophysiological manifestation of TF
activation. Furthermore, TF activity impacts procoagulant events
and inflammatory non-coagulation signaling pathways transmitted
through specific receptors, such as PARs (protease-activated
receptors)  pathway.
inflammatory factors induce TF release into the blood, where it

During an inflammatory  disease,
causes coagulation cascade reaction, forming a vicious circle of
“coagulation-inflammation network,” exacerbating the disease
(Witkowski et al., 2016). The histological grade of the illness and
the TF levels are strongly correlated. The elevated TF expression
significantly impacts patient prognosis and survival rate. Mounting
evidence suggests that the TF-PARs pathway can promote the
progression of inflammatory diseases, cancer, and other diseases.
However, the specific mechanism underlying TE-PARs pathway and
its target recognition remain largely unknown. Protein kinase 1
(PARI), PAR2, PAR3, and PAR4 are members of the PARs family
and TF affects cell proliferation, apoptosis, scorching, migration,
and the onset and development of inflammatory diseases through
the TF-PARI pathway (Reinhardt et al., 2012; Feng et al., 2020).
Chemokines play an important role in the pathophysiology of
autoimmune hepatitis, development of liver inflammation, and
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subsequent wound healing response. Chemokines regulate the
movement and activity of liver cells including Kupffer cells and
hepatic stellate cells, endothelial cells, and circulating immune cells
and guide the movement and positioning of inflammatory and
immune cells in the liver (Zimmermann and Tacke, 2011).
Studies have revealed that hepatitis is directly related to
abnormal chemokine production (Fahey et al., 2014). Chemokine
ligand 2 (CCL2) and chemokine IP-10 (also known as CXCL10) are
inflammatory chemokines that play a key role in recruiting
neutrophils and promoting the secretion of various other
cytokines, thereby aggravating disease occurrence and
progression (Mascia et al., 2017; Tacke, 2017). Notably, CCL2 is
one of the chemokines involved in liver fibrosis. Chronic chemokine
production may result in a continuous assemblage of inflammatory
cells in the liver, causing persistent inflammation and liver damage
(Kang and Shin, 2011).

Here, we used a mouse model of ConA-induced liver injury to
investigate how YKL-40 promotes TF activation and influences the
occurrence and progression of DILI. We show that YKL-40
promotes the expression of CCL2 and IP-10 by inducing the TF-
PARI1 pathway in the liver, leading to an increase in inflammatory
cell recruitment, thus sparking the onset and progression of liver
injury. Furthermore, TF and PAR1 expression levels positively
correlated with YKL-40 expression levels following the ConA
induction in our study. Thus, YKL-40 is the potential key
upstream effector of the TF-PAR1 pathway and promotes the
progression of liver injury.

2 Materials and methods
2.1 Animal experiments

Male C57/BL6 mice (8-12 weeks old) were used in the study.
Mice were obtained from Beijing Huafukang Biotechnology Co.,
Ltd. (Beijing, China) and housed in a temperature-and light-
controlled laboratory with ad libitum access to food and water.
Animal experiments were carried out in accordance with the
national standard of the People’s Republic of China, Guidelines
for Ethical Review of Laboratory Animal Welfare (GB/T35892-

Gene Primer sequences

TF Forward:AACCCACCAACTATACCTACACT

Reverse: GTCTGTGAGGTCGCACTCG

PARI1 Forward: GGCGCTTGCTGATCGTC
Rreverse: CGTAGCATCTGTCCTCTCTGA
CCL2/MCP-1 Forward: TTAAAAACCTGGACTGGAACCAA

Reverse: GCATTAGCTTCAGATTTACGGGT

CXCL10/IP-10 Forward:TGAATCCGGAATCTAAGACCATCAA
Reverse: AGGACTAGCCATCCACTGGGTAAAG
GAPDH Forward:GCTACACTGAGGACCAGGTTGTC

Reverse: AGCCGTATTCATTGTCATACCAGG
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2018) and the guidelines of the Animal Protection and Use
of China Medical C57/
BL6 mice were divided into 4 experimental groups. To
establish a mouse model of DILI, 15 mg/kg ConA (Solarbio,
C8110) was injected into the tail vein of mice. In the

Committee University. Briefly,

experimental groups, mice were immediately injected with
recombinant Chi3ll (500 ng, Sino Biological, 50929-M08H),
anti-Chi3l1 antibody (500 ng, Sino Biological, 50929-RP01), or
anti-TF antibody (1/1,000, 500 pg, Bioss, bs-4690R) after
receiving ConA (Shan et al, 2018). Finally, mice were
anesthetized with phenobarbital, their livers were collected,
and subjected to further analysis.

2.2 ELISA

The experiment was performed using a mouse YKL-40 ELISA
kit (Shanghai Shuangying Biotechnology Co., Ltd., SY-M06, 294,
China) per manufacturer’s protocol.

2.3 Real-time PCR

RIPA lysis buffer (TransGen Biotech, AU341, China) was used
to extract RNA from real-time PCR. Quantitative real-time PCR was
used to analyze gene expression using QuantiStudio 1. The following
primers were used.

2.4 Western blot analysis

We weighed liver tissues and extracted the protein according to
the standard protocol. Protein samples were resolved by
performing  SDS-polyacrylamide gel electrophoresis and
transferred to a membrane. The membrane was then blocked
with a rapid blocking solution and incubated with the specific
primary antibodies against TF (Bioss, bs-4690R, 1/1,000), PAR1
(Solarbio, KO009690P, 1/1,500), CCL2/MCP-1 (ProteinTech,
25542-1-AP, 1/2,000), and CXCL10/IP-10 (ProteinTech, 10937-
1-AP, 1/500). GAPDH (ProteinTech, 10494-1-AP, 1/6000) was
used as the control. This was followed by incubation with the
secondary antibody (goat anti-rabbit IgG (H+L); ProteinTech,
SA00001-2, 1:6,000).

visualized using a chemiluminescent solution and chemiluminescence

Finally, immunoreactive bands were
imaging system. The immunoreactive bands were quantified using

Image]J software.

2.5 Immunohistochemical (IHC) staining

Liver tissue samples were fixed in 4% paraformaldehyde,
embedded in paraffin (KEDEE,KD-BM,China), and sectioned
(HistoCore AUTOCUT, China). Slice thickness is 5um. The
primary antibodies against TF (ProteinTech, 17435-1-AP, 1:
3,000), PARI (Solarbio, K009690P, 1/1500), CCL2/MCP-1
(ProteinTech,  25542-1-AP, 1/2000), and CXCL10/IP-10
(ProteinTech, 10937-1-AP, 1/500) were used and signals were
quantified.
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2.6 Hematoxylin & eosin (H&E) staining

The embedded liver tissue sections were dewaxed and stained with
H&E staining kit (Solarbio, G1120, China). The slices were stained with
eosin for 1 min and after 10 min of hematoxylin staining, they were
subjected to 1 min of differentiation using the differentiation solution.
The slices were then dried in a series of graded alcohol and treated with
xylene twice for 1 min each. The slides were sealed with neutral gum
and examined under a microscope.

2.7 Statistical analysis

The data is presented as the mean + SEM. GraphPad Prism
(GraphPad Software) was used for statistical analysis. The unpaired
Student’s t-test was used to evaluate the differences between the two
groups. A one-way analysis of variance was used to examine the
results from several groups. Results with p < 0.05 were considered
statistically significant.

3 Results

3.1 YKL-40 exacerbates the progression of
liver injury

Firstly, we induced high and low expression of YKL40 to
elucidate the relationship between YKL-40 expression and the
course of drug-related liver injury, and further clarify the degree
of liver injury in each experimental group. We use ELISA and HE
staining techniques. The ELISA results showed that after ConA
induction, TF and PARI levels were positively correlated with YKL-
40 levels (Figure 1A). Then, we examined the tissue damage at the
histological level. It should be noted that in Con group, complete
Lobules of liver structure was shown in HE staining. On the
contrary, in ConA group, the structure of Lobules of liver was
destroyed and disordered, and Vasodilation was observed, there was
obvious red blood cell sludge in hepatic sinuses, liver edema,
especially in the portal vein area, and a large number of
lymphocytes. More importantly, more serious liver injury was
observed in the YKL-40 overexpression group, which was
manifested as structural destruction of the Lobules of liver, large
and deeply stained liver nuclei, dual nuclei, diffuse cytoplasm,
obvious inflammation in the portal vein area, liver edema, and
severe congestion of the hepatic sinuses around the central vein with
patchy or lamellar necrosis. On the contrary, when YKL-40 is low
expressed, Lobules of liver structure damage, hepatic cord disorder
and hepatic tissue congestion are relatively less (Figures 1B,C). In
summary, it can be seen that the degree of liver injury often increases
with the increase of YKL-40 expression.

3.2 YKL-40 induces TF-PAR1 pathway and
promotes CCL2 and IP-10 expression

PARI is the main receptor for thrombin, closely related to TF

expression, and involved in liver inflammation and fibrosis
(Gutiérrez-Rodriguez and Herranz, 2015; Flaumenhaft and De
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YKL-40 exacerbates the progression of liver injury.(A) The expression of YKL40 in liver tissue; (B) Hematoxylin and Eosin staining (magnificationx100)
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software. Data are expressed as mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means no statistical difference.

Ceunynck, 2017). Thrombin activates PARI in endothelial cells,
upregulates adhesion molecules on the surface of endothelial cells,
and promotes the production of cytokines and chemokines, thus
activating neutrophils and Monocyte. Our real-time PCR data shows
that an increase in TF, PAR1, CCL2, and IP-10 levels is associated
with an increase in YKL-40 expression level (Figures 2A-D). The
results of immunoblotting are consistent with these findings
(Figure 3).

3.3 YKL-40-mediated induction of TF-PAR1
pathway aggravates DILI progression

CCL2 is involved in the pathogenesis of many liver diseases, such
as hepatitis, fibrosis, and cancer. Research has found that the

Frontiers in Pharmacology

PARI signaling pathway affects the expression of CCL2, which in
turn promotes the recruitment of neutrophils in inflammatory
diseases. In severe acute hepatitis mice that experience necrotizing
inflammation and acute Liver failure, IP-10 may be important for
lymphocyte recruitment (Reiberger et al., 2008). Here, we conducted
histological examination to investigate the role of YKL-40 mediated
TF-PARI1 pathway in the progression of DILL. Immunohistochemical
and other experimental results showed that the expression of TF,
PARI, CCL2, and IP-10 in the liver of drug-induced liver injury mice
in the ConA group was higher than that in the untreated group and
the YKL-40 low expression group. However, when YKL-40 was
overexpressed, the expression was significantly higher than the
other three groups. Therefore, YKL-40 induces the TF-PARI
pathway, significantly increasing the expression of downstream
chemokines CCL2 and IP-10 (Figure 4).
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YKL-40 induces TF-PAR1 pathway, promoting the expression of chemokines CCL2 and IP10. (A) TF mRNA expression in mouse liver; (B) PART mRNA
expression in mouse liver; (C) CCL2 mRNA expression in mouse liver; (D) IP-10 mRNA expression in mouse liver. p values were determined using one-way
ANOVA or an unpaired t-test. Data are expressed as mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means no statistical

difference.

3.4 YKL-40-mediated TF-PAR1 pathway can
effectively alleviate the progression of DILI
after being blocked

To investigate the effect of the TF-PARI pathway on the expression of
CCL2 and IP-10, we used anti TF antibodies to inhibit endogenous TF
proteins. Use ELISA to detect the expression of YKL-40 in each
group. Research has found that when the TF-PARI pathway is
blocked, there is no statistically significant difference in the expression
of YKL-40 compared to the drug-induced liver injury group caused by
ConA. It is worth noting that even in the medium, the expression of YKL-
40 was not affected and remained in a high expression state (p < 0.001),
indicating that YKL-40 acts as an upstream of the TF-PAR1 pathway and
is not affected by blocking the TF-PARI pathway (Figure 5A). Then, we
used H&E stain to explore and study the histological examination method.
The results showed that the structure of Lobules of liver in Con group was
intact; In ConA group, the structure of Lobules of liver was damaged,
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hepatic cord was disordered, hepatocytes were edematous, and there was
obvious red cell sludge and inflammatory cell infiltration in hepatic
sinuses; In the liver tissue of ConA+Anti TF and ConA+RecombYKL-
40+Anti TF groups, the structure of Lobules of liver was slightly damaged,
the arrangement of hepatic cords was slightly disordered, a small amount
of congestion was found in the liver tissue, and the hepatic sinuses around
the central vein were congested (Figures 5B,C). In summary, blocking TF
expression can effectively alleviate the progression of DILL

3.5 YKL-40-mediated induction of TF-PAR1
pathway affects the course of DILI by
regulating TF expression

When TF was blocked, even with high expression of YKL-40,

the mRNA levels of TF, PAR1, CCL2, and IP-10 did not show
significant differences compared to untreated normal mice.
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FIGURE 3

YKL-40 induces TF-PAR1 pathway and affects liver pathogenesis. (A) The levels of TF-PAR1 pathway proteins induced by YKL-40 in the liver and
CCL2 and IP-10 were measured; (B) TF protein expression in mouse liver; (C) PARL protein expression in mouse liver; (D) CCL2 protein expression in
mouse liver; (E) IP-10 protein expression in mouse liver. p values were determined using one-way ANOVA or an unpaired t-test. Data are expressed as
mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means no statistical difference.

However, the mRNA levels of TF, PAR1, CCL2, and IP-10 in the
drug-induced liver injury group mice induced by ConA were
significantly higher than those in the other three groups (Figure 6).
The results of protein expression analysis are consistent with those of
mRNA expression analysis (Figure 7). In summary, these findings
suggest that blocking the TF-PARI pathway inhibits the release of
downstream chemokines CCL2 and IP-10 mediated by YKL-40,
thereby affecting the process of DILL

3.6 Blocking TF-PAR1 pathway alleviates
DILI progression

Inflammation and coagulopathy have been linked in several
systemic inflammatory diseases such as sepsis and acute respiratory
infections. Interleukin-1 (IL-1), IL-6, C-reactive protein and other
inflammatory mediators stimulate TF expression on the surface of
endothelial cells under inflammatory conditions such as sepsis and
acute lung injury, leading to hypercoagulability (Abraham, 2000;
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Lou et al., 2019). At the same time, TF acts on endothelial cells via
the PARI pathway to produce pro-inflammatory effects (Chen
etal., 2004; Lou et al., 2019). Thus, highly expressed TF can play a
dual role in promoting inflammation and coagulation. To verify
whether inhibition of the TF-PAR1 pathway could inhibit the
YKL-40-induced inflammatory immune response and attenuate
the extent of liver injury in DILI by blocking the expression of
downstream chemokines CCL2 and IP-10, we injected anti-TF
antibodies in the model group and the corresponding YKL-40 high
expression group blocked the expression of endogenous TF protein,
and further histological examination was performed. Compared to the
control group, blocking TF expression did not result in significantly
increased expression of TF, PAR1, CCL2, and IP-10 even when YKL-
40 was overexpressed; the model group (ConA group) had higher
expression levels of all four markers in the liver than the other two
groups that blocked TF and the control group (Figure 8). In
conclusion, these findings suggest that blocking TF expression
suppresses YKL-40-mediated expression of CCL2 and IP-10
through inhibition of the TF-PARI1 pathway.
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FIGURE 4

YKL-40-mediated induction of TF-PAR1 pathway aggravates DILI progression. (A) Immunohistochemistry (IHC) (magnificationx100) was performed
to determine whether YKL-40 induced TF-PAR1 pathway and aggravated drug-induced liver injury; (B) Immunohistochemical statistics of TF; (C)
Immunohistochemical statistics of PARL; (D) Immunohistochemical statistics of CCL2; (E) Immunohistochemical statistics of IP-10. p values were
determined using one-way ANOVA or an unpaired t-test. Data are expressed as mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, ns means no statistical difference.
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YKL-40-mediated TF-PAR1 pathway can effectively alleviate the progression of DILI after being blocked. (A) After the endogenous TF protein
expression was blocked YKL-40 expression in liver tissue; (B) Blocking TF suppressed YKL-40-induced TF-PAR1 pathway and mitigated drug-induced
liver injury (magnificationx100). (C) Necrotic areas as quantified by ImageJ software. Data are expressed as mean + SEM (n = 6). *p < 0.05, **p < 0.01,

4 Discussion

Drug-induced liver injury (DILI) is a liver injury caused by the
drug itself and its metabolites during drug use. Drug specific
heterogeneous reactions are currently a hot research topic. Drug-
induced liver injury through direct toxic effects is often predictable,
and its diagnosis of liver injury is relatively easy. However, drugs can
cause liver damage through specific heterogeneous reactions, both in
terms of mechanism and symptoms, which are particularly complex.
Among them, allergic specific DILI works together with the body’s
immune system, also known as immune mediated DILL Due to its
independence from dosage, unpredictability, and uncertain
incubation period, diagnosis is The
pathological process of the liver injury model established by
Concanavalin A (ConA) is similar to that of many known acute
and chronic liver diseases, especially it can better simulate the
pathogenesis of human autoimmune liver diseases. Intrahepatic

even more difficult.

Frontiers in Pharmacology

vascular coagulation plays an important role in the occurrence
and development of liver diseases such as fibrosis, cirrhosis, and
liver cancer. Therefore, in the context of relevant research, further
exploration of the pathogenesis of DILI from the perspective of
coagulation can contribute to a deeper understanding of immune
mediated DILI.

The study revealed the relationship between inflammatory
reaction and blood coagulation in systemic inflammatory diseases
(including Sinusitis, acne vulgaris and acute hepatitis) (Montgomery
et al., 2017; Shan et al., 2018; Ebrahim et al., 2020). More and more
evidence suggests that after the coagulation system is activated in
liver disease, some coagulation related proteins act as liver
inflammatory factors. IAOC plays a crucial role in acute liver
injury (Ganey et al., 2007; Sullivan et al.,, 2013; Miyakawa et al.,
2015). In the ConA induced acute liver injury model, YKL-40
induced TF to participate in IAOGC; It is worth noting that this
process may be related to the activation of the MAPK pathway
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YKL-40-induced TF-PAR1 pathway influences the course of DILI by regulating TF expression. (A) After blocking the endogenous TF protein
expression, TF mRNA expression was measured in mouse liver; (B) After blocking the endogenous TF protein expression, PARI mRNA was measured in
mouse liver; (C) After blocking the endogenous TF protein expression, CCL2 expression was measured in mouse liver; (D) After blocking the endogenous
TF protein expression, IP-10 expression was measured in mouse liver. p values were determined using one-way ANOVA or an unpaired t-test. Data

are expressed as mean + SEM (n = 6).%p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means no statistical difference.

(Shan et al., 2018). Although the relationship between YKL-40 and
TF has been elucidated, the mechanism by which YKL-40 regulates
the downstream deterioration of liver diseases caused by TF is still
unknown. Clarifying the interaction between the coagulation system
and liver inflammation will provide new therapeutic targets for
DILI. Therefore, in this study, we investigated YKL-40 mediated TF
induction and its impact on the liver.
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TF expression is often upregulated in inflammatory liver
disease (Hisada et al., 2016; Henderson et al., 2021). The role
of TF in initiating coagulation and thrombosis has been fully
demonstrated. TF promotes coagulation cascade reactions by
binding and activating coagulation factor VIIa (FVIIa) (Toschi
et al.,, 1997). Secondly, in inflammatory diseases, TF exposure to
the blood affects cell proliferation, apoptosis, scorching,
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FIGURE 7

Effect of blocking TF-PAR1 pathway on liver pathogenesis. After the endogenous TF protein expression was blocked, (A) the expression of TF-PARL
pathway proteins in the liver following YKL-40 induction and the levels of downstream chemokines CCL2 and IP-10 were determined; (B) TF protein
expression in mouse liver; (C) PAR1 protein expression in mouse liver; (D) CCL2 protein expression in mouse liver; (E) Expression of IP-10 protein in mouse
liver. p values were determined using one-way ANOVA or an unpaired t-test. Data are expressed as mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, ns means no statistical difference.

migration, and aggregation of inflammatory factors through the
TF-PARI1 pathway, ultimately exacerbating the vicious cycle of
the “coagulation inflammation network” (Witkowski et al,
2016), thereby exacerbating the disease. PARI, as the main
thrombin receptor, is closely related to TF expression and
plays a key role in liver fibrosis (Gutiérrez-Rodriguez and
Herranz, 2015; Flaumenhaft and De Ceunynck, 2017). In
recent years, it has been considered a new therapeutic target
for inflammatory diseases. For example, after injecting
PARI1 activating peptide into mice, thrombin can produce
pro-inflammatory effects, manifested as edema and increased
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vascular permeability (Cirino et al., 1996). The formation of TF-
FVIIa complex produces thrombin, which can activate cells
through PARI, thereby exacerbating the disease (Ganey et al,,
2007). For example, PAR1 deficient mice have a significant
response to Paracetamol (APAP) induced acute Liver failure
after 6 h, which is manifested by liver injury and decreased
liver fibrin deposition. Similarly, our findings suggest that
YKL-40 activates the TF-PARI pathway and plays a crucial
role in the progression of DILI. In addition, overexpression of
YKL-40 is positively correlated with the expression levels of TF
and PARI, which can lead to intrahepatic coagulation and

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1205062

Jing-Lun et al. 10.3389/fphar.2023.1205062

ConA+Anti-TF  ConA+Recomb-YKL40+Anti-TF

B %k kK * kKK
1
Kokokk kKKK ns c A dkokokok  kokokok ns
4+ -
3
8 8
2 2- S
B 2
s g
1-
0-
& & & & S & L& K
& ’g‘v‘é’ & & p_‘;zv
& @
& o
g 4
% &
%k %k Kk E
D % % %k %k I %k k %k ns I ok %k kK
4+ e
dkokkk  kkkxk ns
34
8 8
2 2 2
E E
e g
1_
0

FIGURE 8

Blocking TF-PAR1 pathway alleviates DILI progression. (A) Blocking TF-PAR1 pathway alleviated drug-induced liver injury (DILI) as determined by
immunohistochemistry (magnificationx100) (n = 6). (B) Immunohistochemical statistics of TF; (C) Immunohistochemical statistics of PAR1; (D)
Immunohistochemical statistics of CCL2; (E) Immunohistochemical statistics of IP-10. p values were determined using one-way ANOVA or an unpaired
t-test. Data are expressed as mean + SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns means no statistical difference.
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exacerbation of the condition. On the contrary, blocking the
endogenous TF pathway will significantly reduce the mRNA and
protein levels of TF and PARI, as well as alleviate liver injury,
even when YKL-40 is overexpressed. Similarly, we know that the
increased expression of the inflammatory factor YKL-40 is
significantly correlated with the severity of inflammatory
diseases (Arain et al., 2020; Ebrahim et al., 2020). Our
indicate that YKL-40
aggravate liver injury and affect the progression of DILI by
activating the TF-PARI1 pathway.

Chemokines are important inflammatory mediators that

research results in the liver can

mobilize, guide, and locate effector cells in immune system
mediated liver diseases. They also play a crucial role in controlling
viral infections (Czaja, 2014). In addition, overexpression of
chemokines can exacerbate the inflammatory response and
increase the degree of liver damage. If its expression is effectively
controlled, it will help regulate immune response and inflammation,
thereby improving clinical symptoms and prognosis. In recent years,
research has shown that chemokines CCL2 and IP-10 are closely
related to liver diseases such as hepatitis, fibrosis, and cancer, which
has attracted widespread attention. Among them, CCL2, as one of the
key chemokines involved in liver inflammation and fibrosis, plays a
crucial role in liver diseases (Mascia et al., 2017; Tacke, 2017). It has
been widely validated in the hepatitis experimental model of CCL27~
mice (Karlmark et al., 2009; Galastri et al., 2012). CCL2 accumulation
in murine model of liver fibrosis significantly increases the local
inflammatory cell pool, inducing chronic inflammation that leads to
further liver cell damage and stress responses, such as extracellular
matrix deposition, steatosis, enhanced angiogenesis and the formation
of an inflammatory microenvironment (Karlmark et al., 2009; Baeck
et al.,, 2012; Baeck et al., 2014; Shao et al., 2022). IP-10/CXCL10 is a
newly discovered chemokine that can combine with chemokine
receptors expressed on NK cells and T cells to induce their
migration to specific tissues. Its serum level is intimately related to
the extent of necrotizing liver inflammation and fibrosis (Tacke et al.,
2011; Elemam et al., 2022). For example, Hepatitis C (HCV) virus
infection and intrahepatic INF-y drive increased CXCL10 expression
through the sinus endothelium and liver cells.

This induces T cell recruitment into the liver and aggravates the
degree of necrotizing inflammation and fibrosis (Ferrari et al., 2019).
IP-10 is also involved in immune system-mediated liver injury as
observed in severe hepatitis. Its abnormally high expression drives the
infiltration of several inflammatory cells into the liver tissue and
initiates liver tissue necrosis (Karin and Razon, 2018). For instance, in
humans, acute hepatitis B virus infection is accompanied by systemic
cytokine and chemokine responses combined with increased serum
CXCL10 level, which attracts more inflammatory cells to the liver and
aggravates liver injury (Moroz et al., 2019). The interaction of the core
protein and globular Clq receptor in HCV can induce macrophages
to secrete CCL2 and CXCL10 through the NF-«B signaling pathway,
thereby influencing the course of HCV (Song et al., 2021). CCL2 and
IP-10 activation is reportedly regulated by the PAR1 pathway. In our
study, YKL-40 overexpression following drug-induced injury
activated the TF-PARI pathway, which in turn increased the
expression of downstream chemokines CCL2 and IP-10 and
aggravated liver injury. Suppressing TF-PAR1 pathway via
blocking endogenous TF alleviates liver pathogenesis, even if YKL-
40 is overexpressed. Therefore, TF-PAR1 pathway, which can be
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induced by YKL-40, plays a critical role in DILL. An in-depth
investigation of the relationship between these pathways and
chemokines can help us understand how leukocytes enter the liver
and aggravate the immune response. This can also facilitate
identification of therapeutic targets for liver inflammation. The
various pathogenic mechanisms underlying liver diseases are not
mutually exclusive, and in fact, may even be synergistic. Thus,
further research is needed to determine the interaction among
these pathways, their influence, and if they play unique roles at
different stages of DILL

5 Conclusion

This study revealed that YKL-40 promotes the expression of
CCL2 and IP-10 in ConA-induced DILI in wild-type mice by
the TF-PARI
inflammatory cell recruitment, thus sparking the onset and

inducing pathway. This causes increased
progression of liver injury. This is a potential mechanism
underlying the aggravation of liver inflammation and injury and

presents novel targets for therapeutic intervention in DILIL
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Background: Long-term maintenance therapy with proton pump inhibitors (PPIs)
is a common treatment strategy for acid-related gastrointestinal diseases.
However, concerns have been raised about the potential increased risk of
gastric cancer and related precancerous lesions with long-term PPl use. This
systematic review and meta-analysis aimed to evaluate this potential risk.

Methods: We searched PubMed, Embase, and the Cochrane Central Register of
Controlled Trials for randomised controlled trials published before 1 March 2023,
with no language restrictions. The primary endpoint was the occurrence and
progression of gastric mucosal atrophy, intestinal metaplasia, Enterochromaffin-
like (ECL) cell hyperplasia, gastric polyps, and gastric cancer during the trial and
follow-up. Data were analysed using a random effects model.

Results: Of the 4,868 identified studies, 10 met the inclusion criteria and were
included in our analysis, comprising 27,283 participants. Compared with other
treatments, PPl maintenance therapy for more than 6 months was associated with
an increased risk of ECL cell hyperplasia (OR 3.01; 95% Cl 1.29 to 7.04; p = 0.01).
However, no significant increase was found in the risk of gastric mucosal atrophy
(OR 1.01; 95% CI 0.55 to 1.85; p = 0.97), intestinal metaplasia (OR 1.14; 95% ClI
0.49 to 2.68; p = 0.76), gastric polyps (OR 1.13; 95% Cl 0.68 to 1.89; p = 0.64), or
gastric cancer (OR 1.06; 95% CI 0.79 to 1.43; p = 0.71).

Conclusion: This systematic review and meta-analysis does not support an
increased risk of gastric cancer or related precancerous lesions with long-term
PPl maintenance therapy. However, long-term PPl use should be monitored for
potential complications such as ECL cell hyperplasia. Further studies are needed to
confirm these findings and evaluate the safety of PPl maintenance therapy for
acid-related gastrointestinal diseases.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/,
Identifier: PROSPERO (CRD42022379692).

KEYWORDS

proton pump inhibitors, gastric cancer, meta-analysis, gastric mucosal atrophy, intestinal
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1 Introduction

Gastric cancer is among the top five causes of death globally
(Colquhoun et al.,, 2015), with a 5-year survival rate of 25%-30%
(Allemani et al., 2015). The primary reason for this unfavourable
prognosis is the late-stage diagnosis of most gastric cancer patients.
Therefore, reducing gastric cancer mortality requires significant
attention to managing its pathogenic factors and early signs.

The progression from normal gastric mucosa to early intestinal
gastric cancer is typically a sequence of “normal gastric mucosa —
chronic gastritis — atrophy — intestinal metaplasia — dysplasia —
early gastric cancer” (Correa et al., 1975; Correa, 1992). Atrophy,
intestinal metaplasia, and dysplasia are broadly referred to as gastric
precancerous lesions due to their potential malignant risk (Piazuelo
et al,, 2021). Gastric polyps are limited epithelial protrusions of the
epithelial mucosa, with fundus glandular polyps (FGPs) and
hyperplastic polyps (HPs) being the most common pathological
types (Ren et al, 2018). Adenomatous polyps have a high
malignant potential and are often associated with gastric
adenocarcinoma (Park and Lauwers, 2008). Molecular studies have
shown that gastric polyps, excluding adenomatous polyps, also exhibit
molecular changes that may lead to tumour progression and may have
unknown risks of malignant transformation (Carmack et al., 2009).

Proton pump inhibitors (PPIs), widely used globally for treating
acid-related diseases such as gastroesophageal reflux disease (Dilaghi
et al., 2022) and peptic ulcer (Malfertheiner et al., 2017), are often
used as maintenance therapy to prevent symptom recurrence. Long-
term PPI use often results in increased circulating gastrin levels,
which can affect gastrointestinal tissue. However, sustained high
levels of circulating gastrin can lead to hyperplasia of gastric parietal
cells and enterochromaffin-like cells in the gastric mucosa (Lundell
et al,, 2015), potentially inducing the development of fundic gland
polyps (Kim, 2021) and other histopathological changes that may
increase the risk of gastric cancer. (Hagiwara et al., 2011). The safety
and adverse effects of long-term PPI use are becoming a concern.

The impact of long-term PPI use on gastric cancer-related
lesions has been extensively studied, but the results have been
inconsistent, leading to controversy about the safety of PPI
maintenance therapy (Yadlapati and Kahrilas, 2018). Therefore, a
meta-analysis is needed to comprehensively evaluate the association
between long-term PPI use and gastric cancer and its related lesions.
We conducted a systematic review and meta-analysis of existing
randomized controlled trials to assess the adverse effects of long-
term PPI use on gastric cancer, gastric mucosal atrophy, intestinal
metaplasia, ECL cell hyperplasia, and gastric polyps to elucidate and
improve the safety of PPI maintenance therapy.

Previous meta-analyses have shown varying results. Song’s
meta-analysis found no clear evidence of an increased risk of
gastric mucosal atrophy and intestinal metaplasia but a more
significant association with ECL cell hyperplasia (Song et al,
2014). Tran-Duy (Tran-Duy et al., 2016) and Martin (Martin
et al., 2016)’s showed an association with an increased risk of
fundic gland polyps and possibly an increased risk of gastric
cancer. Three recent meta-analyses by Segna (Segna et al., 2021),
Guo (Guo et al,, 2023) and Peng (Peng et al., 2023) showed that PPI
use was significantly associated with gastric cancer, but no duration-
dependent effects of PPI with gastric cancer risk were found at <
1year, 1-3years, and more than 3years. This meta-analysis
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related to PPI
maintenance therapy and reduced heterogeneity, allowing for a

includes more recent high-quality studies
more comprehensive evaluation of the adverse effects on gastric
cancer-related lesions.

2 Materials and methods
2.1 Search strategy

We conducted a literature search in PUBMED, EMBASE, and the
Cochrane Central Register of Controlled Trials electronic databases to
identify all published and unpublished randomised controlled trials
up to 1 March 2023. An additional manual search of conference
abstracts performed to ascertain experimental details.
Bibliographies of relevant studies were also manually searched.

was

Two investigators independently conducted searches using the
keywords “Stomach Neoplasms” and “proton pump inhibitor.”
The specific search strategy is detailed in the attached table.

2.2 Selection criteria

The inclusion criteria encompassed randomised controlled trials
(RCTs) examining the long-term use of PPIs in adult patients. The
study necessitated one group of participants on maintenance
therapy with PPIs and a control group using other treatment
strategies for an intervention period exceeding 6 months.
Participants in both groups underwent upper gastrointestinal
endoscopy at the start and conclusion of the trial. They reported
the number or proportion of participants with gastric mucosal
lesions such as gastric cancer, atrophy, intestinal metaplasia, ECL
cell hyperplasia, and gastric polyps. The primary outcome was the
study’s ability to provide sufficient data to estimate the odds ratio
(OR) between the occurrence and progression of each gastric
cancer-related lesion and the use of PPL

Articles without original data, studies that did not report data
related to “gastric cancer, atrophy, intestinal metaplasia, ECL cell
hyperplasia, and gastric polyps,” and studies with duplicate reports
were excluded.

Two independent investigators screened titles and abstracts to
include all potential studies in the search results. They independently
screened them in full text to identify eligible studies and document
reasons for exclusion. In cases of uncertainty regarding study
inclusion, the two review authors discussed to reach a resolution,
and if necessary, a third expert was consulted.

This section was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flowchart (Page et al., 2021), and registered at the
International Prospective Register of Systematic Reviews (number
CRD42022379692) (Figure 1. PRISMA flowchart illustrating the
process of screening and selection of studies).

2.3 Data extraction and quality assessment

Two independent investigators extracted data from each study
using a pre-designed data extraction form. Extracted data included
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FIGURE 1

PRISMA flowchart illustrating the process of screening and selection of studies.

the first author’s surname, year of publication, type of experiment,
number of participants, age, sex, baseline diagnosis, inclusion and
exclusion criteria, treatment and experimental interventions,
duration of intervention, primary outcome, and number of
events. For unpublished studies, we referred to their practical
design article (Uemura et al., 2018) and extracted data from their
most recent conference presentation (Kushima et al., 2022). Two
independent investigators assessed the quality of each study using
the Cochrane risk of bias tool (Higgins et al, 2011), with any
discrepancies resolved by a third investigator.

2.4 Statistical analysis

For dichotomous variables, we assumed that patients who
discontinued were negative and that data reporting only the
change in the number of events and the possibility of repeated
reporting were positive. We used Statal6 software to generate meta-
analysis and forest plots. Binary data were analysed into odds ratio
(OR) with a 95% confidence interval (CI) using the DerSimonian-
Laird random effects model to evaluate the overall sensitivity and
specificity of the model, thereby fully accounting for the additional
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uncertainty related to inter-study differences in the effects of
different interventions. We calculated the parameters Q, I?, I?
(=50%), and P (<0.05) (Higgins and Thompson, 2002; Higgins
et al, 2003) to assess heterogeneity of values. If feasible, we
planned to conduct a subgroup analysis to evaluate the potential
impact of the incident location, Helicobacter pylori infection, PPI
dose, and exposure time. In cases of high heterogeneity in the main
results, we would conduct a sensitivity analysis to assess the impact
of individual studies on aggregate statistics, by excluding one study
at a time from the meta-analysis. If the number of included studies
was sufficient (> 10), we would explore potential publication bias by
constructing a funnel plot of the effect size of each trial relative to the
standard error, and evaluate the asymmetry of the funnel plot using
Begg and Egger tests, defining significant publication bias as a
p-value <0.1.

3 Result

Initially, we identified a total of 4,868 studies from electronic
databases. Out of these, 802 were duplicates. After screening by title
and abstract, we selected 85 studies for further evaluation. However,
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TABLE 1 Summary of study characteristics.

10.3389/fphar.2023.1244400

Year  Treatment in Duration of PPI Outcome Events in Countries/
both study interventions users/ PPI users/ Regions
groups PPI PPI none
none users
users
Lundell 1999 omeprazole up to 3 years 155/143 Worsening atrophic 10/11 18-77 | OME 75% Nordic
et al. (20-40 mg once gastritis scores ARS 76% countries
daily) vs. antireflux
surgery Worsening intestinal 2/3
metaplasia scores
ECL cell hyperplasia 712
(diffuse/liner/
micronodular)
Gentaetal. 2003 esomeprazole up to 6 months 519/169 Changes From 11/1 18-75 | no mentioned | United States
(10,20,40 mg once Baseline in Gastritis
daily) vs. placebo atrophy at Antral and
Corporal Biopsy Sites
Changes From 714
Baseline in intestinal
metaplasia at Antral
and Corporal Biopsy
Sites
ECL Cell Scores at 2711
Baseline and Final
Biopsies
Howden 2009 Dexlansoprazole up to 6 months 311/140 Improvement of 10/5 >18 MR90: United States
et al. (60,90 mg once daily) intestinal metaplasia 82 MR60:
vs. placebo scores 83 Placebo:70
Prevalence of 0/0
enterochromaffin-like
cell hyperplasia or
adenocarcinoma
Peura et al. = 2009 Dexlansoprazole 276.2 + 134,67 days =~ 5633/896  The number of 19/1 18-90 | DLAS 46% United States
(30,60,90 mg qd) vs. patients with gastric LAS 53%
lansoprazole (30 mg polyps Placebo 34%
qd) vs. placebo
The number of 5/0
patients with intestinal
metaplasia
The number of 0/0
patients with
enterochromaffin-like
cell hyperplasia
Fiocca 2012 Esomeprazole (20 mg | up to 5 years 158/180 The number of 4/6 18-70 | LARS 72% Europe
et al. once daily) vs. atrophy at each time ESO 82%
laparoscopic surgery point (antrum/corpus)
The number of 11/12
intestinal metaplasia at
each time point
(antrum/corpus)
The histogram of ECL 14/3
cell hyperplasia at each
time point
Sugano 2013 Esomeprazole (20 mg = up to 72 weeks 214/213 The number of 2/1 >20 ESO 80.8% Japan
et al. daily) vs. Placebo. participants with Placebo
gastric polyps at 79.1%
Low-dose summary of adverse Korea
acetylsalicylic acid events
(81-324 mg/day
for <5 of 7 days each
week) and Gefarnate
(50 mg twice daily)
Taiwan
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TABLE 1 (Continued) Summary of study characteristics.

10.3389/fphar.2023.1244400

Year  Treatment in Duration of PPI Outcome Events in Countries/
both study interventions users/ PPI users/ Regions
groups PPI PPI none
none users
users
Fujishiro 2015  Rabeprazole (10 mg up to 76 weeks 204/201 Number of 4/1 35-90 | 10 mg 74.5%  Japan
et al. daily) vs. Rabeprazole participants with 5mg 76.1%
(5 mg daily) Gastric cancer
Moayyedi | 2019 Pantoprazole (40 mg | up to 3 years 8,791/ The number of 19/26 mean | PAT 78% America
et al. once daily) vs. 8,807 patients with atrophy 67.6 + | Placebo 79%
placebo 8.1
The number of 86/83 Europe
patients with gastric
cancer
Asia Pacific
and other
Haruma 2022 | Lansoprazole (15 or up to 5 years 67/135 The number of 1/2 > 20 LPZ 61% Japan
et al. 30 mg once daily) vs. patients with ECL cell VPZ 72%
Vonoprazan (10 or hyperplasia
20 mg once daily)
Cho et al. 2023 | lansoprazole 15 mgor = up to 24 weeks 174/173 The number of 3/4 20-75 | LPZ Korean
tegoprazan 25 mg participants with 110 TPZ 114
once daily gastric polyps at
summary of adverse
events
i _
Allocatlon concealmen‘ SEIECIiDn bias _
Binding cfparticipants and persomel perormance bias _:|
i _
neompsacne i siSha i _
Selectie f2porting reportng bias _
0% 25% 50% 75% 100%
. Low risk of bias . Some concerns High risk of bias
FIGURE 2

Risk of bias graph.

we could not retrieve 8 reports. Out of the remaining 77 studies,
62 were non-randomized controlled trials (RCTSs) or review articles.
Additionally, we found 2 reports to be duplicates of the same study,
while 3 studies were excluded due to incomplete data. Among the
remaining nine studies, one of them (Genta et al., 2003) reported
adverse reaction results of two studies (Johnson et al., 2001; Vakil
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et al, 2001) with identical designs. We found the original texts of
these two studies for quality analysis. One study (Haruma et al.,
2021) is a meeting abstract for a study that is still in progress. We
retrieved the study design (Uemura et al., 2018) for this study and
the 4-year study data presented at the meeting in May 2022
(Kushima et al., 2022).
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FIGURE 3
Risk of bias summary

We included ten randomised controlled studies for the effect of
proton pump inhibitors on gastric cancer-related lesions, comprising
27,283 subjects (Table 1. Summary of study characteristics) (Figure 2.
Risk of bias Figure 3. Risk of bias summary.).

Gastric mucosal atrophy and intestinal metaplasia: Four studies
evaluated gastric mucosal atrophy. One study reported the changes
in the number of participants with gastric mucosal atrophy and
intestinal metaplasia at the endpoint compared to the baseline for
each degree of progression (Lundell et al, 1999). Another study
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reported only the endpoint number of occurrences of gastric
mucosal atrophy (Moayyedi et al, 2019). A pooled set (Genta
et al,, 2003) of adverse effects of two studies (Johnson et al,
2001; Vakil et al, 2001) reported the number of participants
whose gastric mucosal atrophy and intestinal metaplasia
aggravated and decreased in the antrum and gastric corpus,
respectively, compared to the baseline. One study also reported
atrophy and intestinal metaplasia at each follow-up time point by

dividing the gastric antrum and gastric corpus (Fiocca et al., 2012).
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PPIs Control Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Lundell 10 145 11 132 —.I— 0.83[ 0.34, 2.01] 30.88
Genta 1 508 1 168 - 3.64[ 047, 28.39] 7.92
Moayyedi 19 8,772 26 8,781 —— 0.73[ 0.40, 1.32] 49.02
Fiocca 6 174 2 156 —_—— 269 054, 13.52] 12.18
Overall . 1.01[ 0.55, 1.85]

Heterogeneity: 1° = 0.10, I’ = 25.80%, H’ = 1.35
Test of 6, = 6;: Q(3) = 4.04, p = 0.26
Testof 8=0:z=0.04,p=0.97

Random-effects DerSimonian-Laird model

FIGURE 4

Forest plots of odds ratios for atrophy in participants receiving proton pump inhibitors compared with subjects not receiving proton pump inhibitors.

PPls Control Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Lundell 2 153 3 140 —— 0.61[ 0.10, 3.70] 16.13
Genta 7 512 4 165 —— 0.56[ 0.16, 1.95] 26.05
Howden 10 301 5 135 —B— 0.90[ 0.30, 2.67] 29.75
Peura 5 5628 0 895 L 1.75[ 0.10, 31.68] 7.53
Fiocca 12 168 2 156 —l— 557[ 1.23, 25.29] 20.53
Overall ~ai— 1.14] 049, 2.68]
Heterogeneity: T° = 0.32, I” = 35.21%, H’ = 1.54
Test of 8, = 6;: Q(4) =6.17, p=0.19
Testof6=0:z2=0.31,p=0.76

1}8 1 EIB

Random-effects DerSimonian-Laird model

FIGURE 5

Forest plots of odds ratios for intestinal metaplasia in participants receiving proton pump inhibitors compared with subjects not receiving proton

pump inhibitors.

However, we could not obtain trends from this study, and we had no
way of knowing whether the participants with events in the antrum
and gastric corpus overlapped. We first assume that the
experimental group using PPI has the most events and the
control group has the least events as a premise for including the
data in this study. To avoid bias, we subsequently excluded this study
and conducted an analysis again to observe whether the direction of
the meta-analysis results after exclusion is consistent with that under
this extreme condition.

In a pooled analysis of the above four studies, progressive
worsening of gastric mucosal atrophy was found in 46 of
9,645 participants treated with PPI maintenance for more than
6 months and in 40 of 9,277 participants in the control group. No
statistical difference was found between the groups (OR 1.01; 95% CI
0.55 to 1.85; p-value = 0.97), indicating that most participants
showed improvement or no change in the degree of gastric
mucosal atrophy (Figure 4. Forest plots of odds ratios for
atrophy in participants receiving proton pump inhibitors
compared with subjects not receiving proton pump inhibitors.).
When re-analysed after excluding studies assuming extreme cases of
Fiocca (Fiocca et al., 2012), the results of the meta-analysis were in
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the same direction (OR 0.84; 95% CI 0.5 to 1.41; p-value = 0.51) and
the I* decreased from 25.8% to 7.48%.

We pooled five RCT's evaluating 8,303 participants, in which one
study reported the incidence of intestinal metaplasia in participants
with endpoint gastric biopsies (Howden et al., 2009), and another
study reported the number of participants who had intestinal
metaplasia in gastric biopsies (Peura et al, 2009). Intestinal
metaplasia was present on endpoint gastric biopsies
36 participants in the PPI group and 14 in the control group,

in

with no evidence that intestinal metaplasia was associated with
exacerbation and long-term use of PPIs (OR 1.14; 95% CI 0.49 to
2.68; p-value =
intestinal metaplasia in participants receiving proton pump

0.76) (Figure 5. Forest plots of odds ratios for

inhibitors compared with subjects not receiving proton pump
inhibitors.). Likewise, after excluding studies that assumed
extreme cases of Fiocca and conducting a subsequent analysis,
the meta-analysis results were consistent in direction (OR 0.75;
95% CI 0.36 to 1.55; p-value = 0.44), and I’ decreased from
35.21% to 0.

Enterochromaffin-like cell hyperplasia: Six studies evaluated
changes in ECL cells. Two studies reported no occurrences of
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PPls Control Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Lundell 7 148 2 141 —M—  333[ 068, 16.32] 2527
Genta 27 492 1 168 ——9.22[ 1.24, 68.37] 16.60
Howden 0 311 0 140 - 0.45[ 0.01, 22.85] 4.58
Fiocca 14 166 3 155 —— 4.36[ 1.23, 15.45] 37.29
Haruma 1 66 2 133 —— 1.01[ 0.09, 11.31] 11.67
Peura 0 5633 0 895 = 0.16[ 0.00, 8.02] 4.59
Overall - 3.01[ 1.29, 7.04]
Heterogeneity: T° = 0.09, I = 7.13%, H* = 1.08
Test of 8; = 8;: Q(5) = 5.38, p = 0.37
Testof 0=0:z=2.54,p=0.01

1/256  1/16 1 16
Random-effects DerSimonian-Laird model
FIGURE 6

Forest plots of odds ratios for ECL cell hyperplastic in participants receiving proton pump inhibitors compared with subjects not receiving proton

pump inhibitors.

ECL cell hyperplasia during the study period (Howden et al., 2009;
Peura et al., 2009). One study reported changes in each level of ECL
cell abnormalities in participants from baseline to endpoint (Lundell
et al,, 1999). Another study provided a histogram representation of
the number of patients with ECL cell hyperplasia, which we
2012).
Additionally, one study reported the number of participants with

manually entered for measurement (Fiocca et al,
ECL cell hyperplasia on gastric tissue biopsy at the endpoint and the
proportion of these participants with participants whose ECL cell
scores worsened (Genta et al.,, 2003). We also retrieved data from
one ongoing study with a 5-year duration (Kushima et al., 2022)
which presented its fourth-year gastric biopsy data at a conference in
May 2022.

The above six studies were pooled and analysed. Among the
6,865 participants who used PPI maintenance therapy for more than
6 months, 49 had deterioration of ECL cell score, and only 8 of the
1,640 participants in the control group had a breakdown of ECL score.
This meta-analysis showed that long-term PPI maintenance therapy
users had an increased risk of worsening ECL cell scores relative to non-
PPI users (OR 3.01; 95% CI 1.29 to 7.04; p-value = 0.01) (Figure 6.
Forest plots of odds ratios for ECL cell hyperplastic in participants
receiving proton pump inhibitors compared with subjects not receiving
proton pump inhibitors.). On this basis, we performed a subgroup
analysis regarding the duration of observation and the type of PPI, and
the results showed that the negative effect of PPI maintenance treatment
on ECL cell proliferation did not seem to be dependent on the duration
of observation (<1 year: OR 3.33; 95% CI 0.2 to 54.59; p-value = 04,
1-3 years: OR 1.26; 95% CI 0.08 to 20.36; p-value = 0.87, >3 years: OR
3.06; 95% CI 0.89 to 10.45; p-value = 0.07), no trend was observed
(Figure 7. Forest plots of the odds of ECL cell proliferation in
participants who received proton pump inhibitors compared to
those who did not receive proton pump inhibitors by different
observation duration.), but it seemed to be related to the type of
PPI, and the studies with Esomeprazole (OR 5.4; 95% CI 1.85 to
15.74; p-value = 0) were more significant than those with Lansoprazole
(OR 0.9; 95% CI 0.11 to 7.01; p-value = 0.92) or Dexlansoprazole (OR
0.31; 95% CI 0.02 to 4.92; p-value = 0.4) (Figure 8. Forest plots of the
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odds of ECL cell proliferation in participants who received proton
pump inhibitors compared to those who did not receive proton pump
inhibitors by using different types of PPIs.).

Gastric polyps and Cancers: Four studies evaluated participants
for gastric polyps over the course of the study. One study recorded
the number of patients with endoscopic fundic gland polyps at
baseline and during each follow-up period (Fiocca et al., 2012). Four
other studies reported the number of participants who developed
gastric polyps during the study as adverse reactions (Peura et al.,
2009; Sugano et al., 2014; Kushima et al., 2022; Cho et al., 2023), but
the location of the gastric polyp was not indicated. Three studies
clearly described participants with gastrointestinal cancers; one
research stated that no patients were found to have cancer
during the study (Lundell et al., 1999), and another showed the
number of participants with cancer in the adverse effect table
(Moayyedi et al,, 2019). Two groups of patients in one study
used 10 mg and 5mg of rabeprazole once daily (Fujishiro et al.,
2015), respectively, which we included as the experimental and
control groups were included in the study.

Pooling the above five studies, 55 of 6,268 participants who
received PPI maintenance therapy for more than 6 months
developed gastric polyps, gastric polyps were detected in 62 of
the 1,575 participants in the control group, and there was no
evidence that the presence of gastric polyps was associated with
long-term PPI use (OR 1.13; 95% CI 0.68 to 1.89; p-value = 0.64)
(Figure 9. Forest plots of odds ratios for gastric polyps in participants
receiving proton pump inhibitors compared with subjects not
receiving proton pump inhibitors.).

In a pooled analysis of three studies with gastric cancer statistics,
90 of the 9,306 participants in the experimental group developed to
gastric cancer, and 84 of the 9,148 participants in the control group
were found to have gastric cancer. The difference in prevalence
between the two groups was not statistically significant (OR 1.06;
95% CI 0.79 to 1.43; p-value = 0.71) (Figure 10. Forest plots of odds
ratios for gastric cancer in participants receiving proton pump
inhibitors compared with subjects not receiving proton pump
inhibitors.).
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FIGURE 7
Forest plots of the odds of ECL cell proliferation in participants who received p
pump inhibitors by different observation duration.

roton pump inhibitors compared to those who did not receive proton

4 Discussion

Our analysis found no evidence that long-term maintenance
therapy with PPIs causes or exacerbates gastric mucosal atrophy,
intestinal metaplasia, gastric polyps, or gastric cancer in users
we did find a
correlation between PPI use and ECL cell proliferation, which

compared to other treatments. However,
may depend on the type of PPI used rather than the duration of
use. Our results are consistent with Song’s analysis (Song et al.,
2014), but incorporate more recent RCT studies to improve the
analysis’s quality and minimise bias. Overall, these findings suggest
that long-term maintenance therapy with PPIs can be safely used as
a therapeutic strategy in clinical practice. However, the potential risk
of ECL cell proliferation associated with high gastrin levels over a
long time must be considered.

In recent years, concerns have arisen that long-term use of PPIs
may increase the risk of gastric cancer-related disease (Salvo et al.,
2021), and various hypotheses have been proposed regarding its
causes and mechanisms. One hypothesis is that prolonged acid
suppression therapy may alter the stomach’s acid environment,
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allowing colonisation by various bacteria (Yang and Metz, 2010),
including H. pylori, which can damage the gastric oxidative glands
2017)
transformation, possibly accompanied by a targeted transfer of

(Parsons et al, and potentially trigger ~malignant
gastric flora due to profound acid suppression (Malfertheiner et al.,
2017). However, two studies (Lundell et al., 1999; Fiocca et al., 2012)
found no significant increase in gastric atrophy and intestinal
metaplasia in H. pylori-positive patients on long-term PPI
maintenance therapy, and the difference in lesions in the gastric
body and sinus in the two studies (Genta et al.,, 2003; Fiocca et al.,
2012) was not significant. Although we initially planned to perform a
subgroup analysis regarding H. pylori and lesion site, we were unable
to do so due to the limited number of relevant trials. Based on the
available studies, it appears that acid suppression alone is unlikely to
have adverse effects on the human gastric mucosa. Nonetheless, the
dysbiosis of the gastrointestinal flora caused by long-term PPI use
(Sanduleanu et al., 2001; Lo and Chan, 2013) and the association of H.
pylori with gastrointestinal cancers remain areas of concern (Lee et al.,
2013; Mera et al., 2018; Yan et al., 2022). Further research is needed to

determine the best approach to managing these risks.
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FIGURE 8

Forest plots of the odds of ECL cell proliferation in participants who received proton pump inhibitors compared to those who did not receive proton
pump inhibitors by using different types of PPIs.
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FIGURE 10

Forest plots of odds ratios for gastric cancer in participants receiving proton pump inhibitors compared with subjects not receiving proton pump inhibitors.

Ever since the observation of hypergastrinemia-induced ECL
cell hyperplasia, a pre-cancerous condition, in the carcinogenicity
study of omeprazole conducted on rats (Havu, 1986), the issue
concerning the association between proton pump inhibitors (PPIs)
and gastric cancer risk has never ceased. According to another study,
when 75% of the acid-producing portion of a rat’s stomach is
removed, hypergastrinemia occurs, and over time, there is a
proliferation of ECL cells (Mattsson et al, 1991). High-dose,
potent, and long-acting acid secretion inhibitors can alter the
pH of the gastrointestinal system, affecting acid feedback
regulation, leading to an increase in gastrin levels, and
subsequently resulting in hypergastrinemia (Hékanson and
Sundler, 1990; Veysey-Smith et al, 2021), which has a direct
trophic effect on ECL cells (Waldum and Mjones, 2020). This
may be the reason why ECL cell proliferation appears to be
related to the long-term use of PPI maintenance therapy. There
is no threshold concentration for the trophic effect of gastrin on ECL
cells (Peghini et al., 2002), and long-term high gastrin levels will
inevitably cause the proliferation of ECL cells (Rais et al., 2022),
which may develop into tumour cells, thus increasing the risk of
cancer development in the long run, which may be intestinal gastric
adenocarcinoma or neuroendocrine cancer (Waldum and Mjones,
20205 Rais et al., 2022). However, the process of inducing gastric
tumours requires a considerable amount of time and may only
manifest after several decades. We found that the studies using
esomeprazole (Genta et al., 2003; Fiocca et al., 2012) had more ECL
cell hyperplasia in participants treated with PPI maintenance
therapy compared to those using dexlansoprazole (Howden et al.,
2009; Peura et al., 2009) or lansoprazole (Peura et al., 2009; Haruma
et al,, 2021). In the classification of Proton Pump Inhibitors (PPIs),
we categorize them based on their chemical structure and
mechanism of action, primarily into benzimidazole and thiazole
classes. The benzimidazole class includes omeprazole, lansoprazole,
and esomeprazole, while the thiazole class includes pantoprazole
and rabeprazole. The majority of PPIs are metabolized primarily
through the hepatic cytochrome P450 enzyme system. For instance,
omeprazole and lansoprazole are mainly metabolized through
CYP2C19 and CYP3A4, while esomeprazole is primarily
metabolized through CYP2CI19 (Li et al, 2004). There are
differences among various PPIs in terms of inhibiting gastric acid
secretion, onset time, duration, and protective effects on the gastric
mucosa. Generally, the acid-suppressing effect of esomeprazole is
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considered the strongest (Edwards et al., 2001; Edwards et al., 2006),
followed by rabeprazole, then omeprazole, and finally lansoprazole
(Miner et al., 2003). This is primarily due to their differing metabolic
the body, which

Esomeprazole, the

rates and pathways in influence  their
effects.
omeprazole, has a more stable molecular structure, is more

readily absorbed by the human body, and has a longer half-life

pharmacological S-isomer  of

in gastric acid, enabling it to continuously inhibit gastric acid
secretion. Esomeprazole directly acts on the proton pumps of
gastric wall cells, inhibiting their production of gastric acid, and
its acid-suppressing effect is stronger than other proton pump
inhibitors, this may trigger a reflection on the choice of clinical
PPI type. The ECL cell density did not increase in many participants,
suggesting that not all patients require strong inhibition of gastric
acid secretion. Clinically, the appropriate type of PPI and the
appropriate dosage should be chosen according to individual
needs. The risk of elevated gastrin and consequent ECL cell
hyperplasia due to long-term PPI use may lead to gastric
neuroendocrine tumours or gastric adenocarcinoma is not
negligible (Cavalcoli et al., 2015). However, this may be the result
of a combination of causes. The presence of H. pylori and the
patient’s original gastric precancerous lesions are also considered to
be the causes of elevated gastrin (Veysey-Smith et al, 2021).
Therefore, in the long-term management of PPI maintenance
therapy, it is important to consider the risk of ECL cell
proliferation and manage any H. pylori infection or gastric
precancerous lesions.

Regarding gastric polyps and gastric cancer, we did not restrict
the location of polyps to include all RCT studies that reported gastric
polyps because of the small number of studies addressing fundic
gland polyps. Our results reflect some controversy compared to
previous pooled analyses by Tran-Duy (Tran-Duy et al., 2016) and
F.C. Martin (Martin et al., 2016) which were based on population
cohort studies and mostly cross-sectional studies conducted during
a specific period. We also found differing conclusions in this area of
the literature (Hong et al.,, 2011; Krishnan et al., 2012; Brusselaers
et al., 2020) when we reviewed RCT studies. In gastric cancer, there
have also been several meta-analyses (Segna et al., 2021; Guo et al,,
2023; Peng et al, 2023) based on case-control studies and
retrospective cohort studies in recent years that support the idea
that PPI use elevates the risk of gastric cancer, reaching different
results than our analysis. The reasons for this may lie mainly in the
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very limited number of relevant high-quality RCT studies, previous
meta-analyses have relied on case-control studies and retrospective
cohort studies, which leads to baseline imbalances triggered by
inclusion and exclusion criteria, as well as potential difficulties in
dosing control and prolonged follow-up, resulting in high
heterogeneity. In contrast, our meta-analysis included only
existing RCT studies, resulting in lower heterogeneity and
different findings from those of recent meta-analyses. Our study
offers a unique contribution to the literature by focusing exclusively
on high-quality RCT studies, providing a clearer picture of the
relationship between PPI use and gastric polyps and cancer.
However, we still need more well-designed, high-quality studies
to address the current controversy.

In the analyses of gastric atrophy and intestinal metaplasia, after
including the data under extreme assumptions, I* = 25.8% for gastric
atrophy and I* = 3521% for intestinal metaplasia, and after
excluding this data the I* decreased to 7.48% and 0, respectively,
with the same direction of meta-analysis results before and after
exclusion, suggesting that the scale of inclusion of data from this
study does not affect the final conclusions of the analysis. In the
analysis regarding ECL cells, I* = 7.13%, and I” = 0 in the rest of the
analyses. p > 0.05 was seen in all Q-tests, and the minimum value in
several studies was p = 0.19. No significant heterogeneity was
observed in our research. This is reassuring. However, there are
some limitations in the following aspects. First, the number of pieces
of literature included in this study is still relatively limited. We
sought as much relevant literature as possible while ensuring the
quality of the literature and included trials that had not yet been
completed but for which data were published annually; second, since
the publication of relevant data differed among the literature, and
some literature only published the prevalence rate per year, and we
could not identify the trend of change. We did not receive a reply
after sending an email to the authors to ask about it. We accumulated
this data and included it in the analysis, the lack of response to our
email inquiries also resulted in some bias; third, the study had
diverse control group intervention modalities, including placebo,
surgery, and other therapeutic drugs, the association of the disease
with the experimental group might not be stable due to the diverse
intervention modalities in the control group; fourth, the primary
outcomes of some of the literature did not match the present study. It
mainly reported data of interest in the form of secondary results or
adverse events found during the primary outcome, and we sought
reports of relevant events in the eligible full texts, but there may still
be incomplete or non-specific statistics for this part of the data;
finally, some of the pieces of the literature may also have factors of
bias such as open-label design and pharmaceutical industry funding,
and other unidentified biases. This study exclusively incorporated
Randomised Controlled Trials (RCTs), without considering real-
world cohort studies. This was primarily due to the fact that RCT's
are considered the gold standard for assessing intervention effects,
given their design which minimizes bias to the greatest extent
possible. However, we acknowledge that real-world cohort
studies, offering a broader patient population and longer follow-
up data, could potentially influence our results. In the literature
where cohort studies were included, we found a significant
association between long-term use of PPIs and premalignant
gastric lesions. This could be attributed to the fact that cohort
studies typically encompass a wider patient population, including

Frontiers in Pharmacology

10.3389/fphar.2023.1244400

those who might be excluded in RCTs, such as the elderly and
patients with multiple chronic diseases. Furthermore, cohort studies
usually have a longer follow-up period, which might allow us to
observe the potential impacts of long-term PPI use, a feat quite
challenging in RCTs. However, the occurrence of carcinogenesis
requires a considerable length of time, possibly spanning decades,
hence our results may be biased. Therefore, the conclusion should be
that PPI treatment within the follow-up period of the included
RCTs, ranging from 6 to 36 weeks, will not induce gastric cancer at
the end of treatment, but long-term maintenance treatment with
PPIs may increase susceptibility to gastric cancer, making
individuals more prone to gastric cancer in their later years.
Future research should consider incorporating real-world cohort
studies to more comprehensively assess the association between
long-term use of PPIs and premalignant gastric lesions.

PPIs are being used more frequently while their application
is gradually expanding (Kinoshita et al, 2018), and their
relationship with adverse effects such as pneumonia (Zirk-
Sadowski et al., 2018) and osteoporosis (Park et al., 2022) has
received attention. Despite the extensive use of Proton Pump
Inhibitors (PPIs), the influence of long-term maintenance
therapy on the risk of developing gastric cancer-related diseases
remains uncertain. This necessitates further exploration in high-
quality clinical studies, with this as the primary outcome.
Nevertheless, our meta-analysis of the existing literature reveals
no significant correlation between PPI maintenance therapy
and an increased risk of gastric mucosal atrophy, intestinal
metaplasia, or gastric polyps within a maximum follow-up
period of 3 years. However, it does lead to ECL cell hyperplasia,
a consequence of excessive gastrin triggered by strong acid
suppression, which heightens the patient’s susceptibility to
gastric cancer. Therefore, our findings suggest that PPI therapy
can be safely and effectively employed for the treatment of patients
with gastrointestinal diseases requiring long-term maintenance
therapy. However, caution should be exercised when considering
the use of PPIs, and the potential risks and benefits of treatment
should be meticulously evaluated for each patient. Not all patients
necessitate treatment that strongly suppresses gastric acid
secretion, such as the most potent acid-suppressing PPIs or
PPIs at effective doses.
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Zanubrutinib-induced aseptic
meningitis: a case report and
literature review
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Zanubrutinib is a Bruton tyrosine kinase (BTK) inhibitor used in B cell malignancy
treatment and is generally well tolerated in most patients. Zanubrutinib-induced
aseptic meningitis is currently not reported. Herein, we present the first case of
zanubrutinib-induced aseptic meningitis. A 33-year-old woman was diagnosed
with relapsed/refractory follicular lymphoma and subsequently developed aseptic
meningitis after receiving zanubrutinib treatment. We reviewed the literature and
uncovered the lack of current reports on zanubrutinib or other BTK inhibitor-
induced aseptic meningitis. Moreover, we summarized cases on aseptic
meningitis induced by common chemotherapy and targeted drugs used for
hematological diseases. Drug-induced aseptic meningitis (DIAM) is a drug-
induced meningeal inflammation. The possible pathogenesis is the direct
stimulation of the meninges via intrathecal injection of chemotherapy drugs
and immune hypersensitivity response caused by immunosuppressive drugs. It
is more common in women with immune deficiency and mainly manifests as
persistent headache and fever. Cerebrospinal fluid examinations mainly
demonstrate a significant increase in cells and proteins. DIAM diagnosis needs
to exclude bacterial, fungal, viral, and tuberculosis infections; neoplastic
meningitis; and systemic diseases involving the meninges. The prognosis of
DIAM is usually favorable, and physicians should detect and stop the causative
drug. In conclusion, zanubrutinib-induced aseptic meningitis is a rare but serious
complication, and physicians should be promptly aware of this adverse event to
avoid serious consequences.

KEYWORDS

Zanubrutinib, bruton tyrosine kinase, follicular lymphoma, aseptic meningitis,
hematological diseases

Introduction

Bruton tyrosine kinase (BTK) is a nonreceptor kinase that plays a crucial role in
oncogenic signaling for leukemic cell proliferation and survival in multiple B cell
malignancies (Pal Singh et al, 2018). BTK inhibitors form a covalent bond with a
cysteine residue (Cys-481) in the kinase domain to inactivate BTK, which further
restrains the B-cell antigen receptor pathway activation and blocks malignant B-cell
proliferation and survival (Kim, 2019). Zanubrutinib is a next-generation BTK inhibitor
that has presented promising antitumor activities in both preclinical models and clinical
studies (Syed, 2020). Zanubrutinib monotherapy is generally well tolerated in patients with
B cell malignancies. A pooled safety analysis of zanubrutinib reports that the common grade
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of > 3 nonhematologic treatment-emergent adverse events (AEs) (>
2%) are pneumonia, hypertension, upper respiratory tract infection,
urinary tract infection, sepsis, diarrhea, and musculoskeletal pain
(Tam et al,, 2022). A grade of > 3 headache is reported in 1% of
patients and with no reports of severe AEs of the central nervous
system (CNS). Herein, we report the first case of zanubrutinib-
induced aseptic meningitis and performed a literature review of
drug-induced aseptic meningitis (DIAM) in hematological diseases.
We searched PubMed for
“zanubrutinib,”  “ibrutinib,”
“pirtobrutinib,”

articles containing the words
“tirabrutinib,”

“nemtabrutinib,”

“acalabrutinib,”
“orelabrutinib,” “Bruton

tyrosine  kinase inhibitors,” “rituximab,” “cytarabine,”
“dasatinib,” “RG7356,”
“daratumumab,” “alemtuzumab,” and “aseptic meningitis” from

inception up to May 2023 with no language restrictions.

“methotrexate,” “apolizumab,”

Case presentation

A 33-year-old Chinese woman presented to our department
with the chief complaint of headache, fever, tremors, and unstable
gait for 10 days in November 2020. She had a known history of
relapsed/refractory follicular lymphoma (FL) for 2 years. Two
years ago, she presented with multiple lymph node enlargement
and splenomegaly a few months after giving birth. She had no
symptoms of fever, night sweats, and weight loss. She visited a local
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hospital. The left armpit lymph node biopsy indicated FL (grade
II). Positron emission tomography/computed tomography (PET/
CT) revealed lymph node enlargement of >3 cm diameter and
increased B-2-[18F]-Fluoro-2-deoxy-D-glucose (FDG) uptake in
the neck, armpits, mediastinum, abdominopelvic cavity, and groin.
Additionally, the FDG uptake was increased in both breasts,
spleen, and multiple bones. Therefore, she was diagnosed with
FL (stage IV, grade 2, group A, FLIPI 3 points). Considering the
she of
R2 chemotherapy (rituximab and lenalidomide) for 4 months at

history of giving birth, received four courses
the local hospital. However, remission was not achieved; thus, she
was prescribed four courses of standard R-CHOP chemotherapy
(rituximab, cyclophosphamide, doxorubicin, vincristine, and
prednisone) for 8 months, and she achieved partial remission.
Afterward, she received maintenance therapy with rituximab
every 2months. However, 5months ago, she experienced
recurrent lymphadenopathy and hepatosplenomegaly, and she
visited our hospital. The PET/CT confirmed lymphoma relapse.
Considering that new targeted drugs, including obinutuzumab and
phosphoinositide 3-kinase inhibitors, have not yet been marketed
in China and this patient could not be a candidate in the clinical
trial of FL at our hospital because of hepatitis B virus infection, she
was scheduled to receive zanubrutinib treatment (560 mg per day)
after obtaining informed consent. She re-achieved partial
remission after taking zanubrutinib for 4 months, and oral
zanubrutinib was continued. However, 10 days ago, the patient

‘The patient presented
multiple lymph node
enlargement of 23 cm
and splenomegaly, and
was diagnosed with FL

The patient presented
recurrent
Iymphadenopathy and
hepatosplenomegaly,

The patient showed and thus visited our

no remission

at the local hospital Partial remission  hospital Partial remission

The patient presented
headache, fever,
tremors, and unstable
gait, and was
diagnosed with DIAM

‘The symptoms of
DIAM disappeared,  To prevent
CSF indicators and  recurrence of

MRI lesions improved lymphoma Partial remission

Partial remission

Discontinuation
of zanubrutinib
and symptomatic
treatment

Continued oral
orelabrutinib
(150mg per day)

Oral
orelabrutinib
(150mg per day)

2018.6 2018.10 2019.6 2020.6 2020.10

FIGURE 1

2020.11 2021.1 2021.5 2021.9 2023.5

(A) Changes in various cerebrospinal fluid indicators before and after zanubrutinib discontinuation in the patient (B—C) Brain MRI of the patient
before zanubrutinib discontinuation. (B) T1 enhancement; (C) T2. (D—E) Brain MRI after the patient stopped using zanubrutinib for 4 months. (D)
T1 enhancement; (E) T2. (F) Detailed time course of the patient’s clinical course and therapeutic regimen.
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TABLE 1 Main criteria for DIAM differential diagnosis.

Bacterial
meningitis

(

Fungal
meningitis

(

Viral
meningitis

(

Tuberculous
meningitis

(

10.3389/fphar.2023.1242491

Neoplastic
meningitis

Systemic
diseases with
meningeal
involvement

(

Etiology NSAIDs, antibiotics, Streptococcus Cryptococcus Enteroviruses, Mycobacterium Leukemia, Sarcoidosis, Behcet’s
IVIG, monoclonal pneumoniae, neoformans, herpesviruses, tuberculosis lymphoma, disease, Sjogren
antibodies, and group B Cryptococcus mumps and breast cancer, syndrome, systemic
antiepileptic drugs Streptococcus, gattii, measles viruses, lung cancer, and | lupus erythematosus,

Neisseria Coccidioides, arboviruses, and melanoma and granulomatosis
meningitidis, Histoplasma, lymphocytic with polyangiitis
Haemophilus Blastomyces, choriomeningitis

influenzae, and and Sporothrix virus

Listeria schenckii

monocytogenes

Clinical Headache, altered Fever, neck Headache, fever, = Headache, fever, Headache, fever, Multifocal Cranial nerves palsy,

features consciousness, fever, stiffness, altered | cranial nerve, neck stiffness, and  cranial nerve, and  neurological meningoencephalitis,
and myalgia mental status, and other focal  altered mental other focal lesions, cranial cerebral vasculitis,

and headache neurologic status neurologic deficits | nerve palsies, polyneuropathy,
deficits and cognitive convulsions, and
impairment pseudotumor cerebri

CSF | Pressure = Elevated Elevated Elevated Normal Normal or elevated = Elevated -

Cells 300 >1,000 Variable <1,000 100-500 Elevated >50 or <50
(x10°/L)
Cell Neutrophils or Neutrophils Lymphocytes Lymphocytes Lymphocytes Tumor cells Neutrophils or
type lymphocytes lymphocytes
Protein  Elevated Elevated Normal or Normal or elevated ~ Elevated - -
elevated
Glucose | Normal Reduced Normal or Normal Reduced - -
reduced
Lactates = <3.5 mM >3.5 mM - <3.5 mM - - -
Other Sterile Bacterial culture | Fungal culture, PCR, and NGS Mycobacterium - Primary diseases
criteria (1,3)-p-D- tuberculosis
glucan culture, acid-fast
bacilli staining,
tuberculin skin
testing, interferon-
gamma release
assay

Management Discontinuation of the Ampicillin, Ampbhotericin B, = Acyclovir Isoniazid, Check-point Treatment of primary

causative drugs ceftriaxone, flucytosine, rifampin, inhibitors, diseases
vancomycin, fluconazole, pyrazinamide, monoclonal
third-generation | liposomal streptomycin, antibodies
cephalosporin, amphotericin B, ethambutol,
oxacillin, itraconazole corticosteroids
corticosteroids

Time to Within a few days 7-21 days >4 weeks 7-15 days >4 weeks - -

regression

Outcome Favorable Poor Poor Favorable Poor Poor -

Abbreviations: DIAM: drug-induced aseptic meningitis; NSAIDs: non-steroidal anti-inflammatory drugs; IVIG: intravenous immunoglobulin; CSF: cerebrospinal fluid; PCR: polymerase chain

reaction; NGS: next-generation sequencing.

developed neurological symptoms, including headache, fever,
hand tremors, and unsteady gait. The laboratory examination
revealed negative results for serum procalcitonin, C-reactive
protein (1,3)-B-D-glucan and galactomannan test, tuberculosis
antibody, and interferon-gamma release assay. Then, a lumbar
puncture was

performed, and the opening pressure of
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cerebrospinal fluid (CSF) was 210 mmH2O. The cell count,
protein, and glucose were 300 x 10°L (normal range: 0-10 x
10°/L), 690 mg/dL (normal range: 15-45 mg/dL), and 42.84 mg/dL
(normal range: 45-79.2 mg/dL), respectively (Figure 1A). The ink
stain, herpesvirus type II DNA, mycobacterium tuberculosis DNA,
tuberculosis culture of Dbacteria, and

antibody, fungi,
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TABLE 2 Clinical characteristics of rare central nervous system complications induced by drugs in hematological malignancies.

Disease Pathogenesis  Clinical MRI of brain Diagnostic Treatment Prognosis
manifestation criteria strategy
PML Cortese, JCV reactivation in | Cognitive and Multiple fusion JCV DNA Histopathological Antiviral therapies Unfavorable
Reich, and Nath | the setting of behavioral leukoencephalopathies | positive diagnosis (the triad = (cytarabine, cidofovir, = (high
(2021) impaired cellular abnormalities, with asymmetric of multifocal topotecan, mortality
immunity sensory and motor | bilateral distribution demyelination); mirtazapine, rate, residual
deficits, ataxia, JCV DNA of CSF mefloquine); Immune = neurological
aphasia, cortical positive, and reconstitution disability,
visual changes, and clinical and (discontinuation of recurrent
seizures imaging features immunosuppressive seizures,
therapy, plasma persistence of
exchange or JCV, and
immunoadsorption, recurrence)
recombinant IL-2,
filgrastim, IL-7,
PD1 inhibitor, and
adoptive
immunotherapy with
virus-specific T cells)
PRES Geocadin Dysregulated Headache, seizures, | Focal regions of Unremarkable Clinical and Discontinuation of Favorable
(2023) perfusion and encephalopathy, symmetric imaging features immunosuppressive (most
reversible visual disturbances, = hyperintensities therapies, patients can
vasogenic edema and focal anticonvulsants, recover, with
neurologic deficits management of a mortality
hemorrhagic and rate of
increased intracranial = 3%-6%)
pressure
DIAM Immunologic Fever, headache, Unremarkable Frank The temporal Suspected drug Favorable
Yelehe-Okouma  hypersensitivity meningeal signs, meningitis with | association, clinical | discontinuation and (most
et al. (2018) reaction mediated  altered apredominance = manifestations, and = symptomatic patients can
by T-cell and direct = consciousness, of neutrophils, | laboratory findings, | treatment recover)
inflammation of localization signs, normal glucose | excluding
the meninges seizures, and level, and infectious
caused by myalgia moderately meningitis
intrathecal elevated protein
injection of level
antimetabolic
drugs

Abbreviations: PML: progressive multifocal encephalopathy; PRES: posterior reversible encephalopathy syndrome; DIAM: drug-induced aseptic meningitis; JCV: john cunningham polyoma
virus; MRI: magnetic resonance imaging; CSF: cerebrospinal fluid; IL-2: interleukin 2; IL-7: interleukin 7; PD1: programmed cell death protein 1.

mycobacterium, exfoliated cells, metagenome, autoimmune
encephalitis-related antibodies, paraneoplastic syndrome-related
antibodies, and flow cytometry were negative. Brain magnetic
resonance imaging (MRI) enhanced scan illustrated meninges
thickening, cistern narrowing, third ventricle and bilateral
lateral ventricle enlargement and hydrocephalus, and CSF
1B, Q).
meningitis diagnosis was highly suspected based on clinical

manifestations and laboratory findings. Therefore, zanubrutinib

exudation (Figures Zanubrutinib-induced aseptic

was stopped and mannitol (125 mL, once every 12 h) was given for
dehydration. The patient’s neurological symptoms significantly
improved, and headache, fever, hand tremors, and unsteady gait
disappeared after stopping zanubrutinib for 2 months. The cell
count and protein by the CSF analysis significantly decreased
(Figure 1A). Enhanced brain MRI scanning revealed that the
pia
hydrocephalus was reduced (Figures 1D, E). We used another

enhancement degree of intracranial mater and
BTK inhibitor orelabrutinib to fight the lymphoma and the patient
was well tolerated 4 months later. Up to now, the patient’s
lymphoma has been well controlled, and no CNS symptoms
have reappeared after 3years of follow-up. The therapeutic

course is summarized in Figure 1F.
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Discussion

Herein, we report a Chinese female patient with relapsed/
refractory FL who developed aseptic meningitis after receiving
The
zanubrutinib-induced aseptic meningitis was established in our

zanubrutinib treatment for 4 months. diagnosis  of
case according to the temporal association between zanubrutinib
exposure and the development of CNS symptoms, clinical and
laboratory findings, and typical MRI of meningitis. Currently,
different BTK inhibitors, including ibrutinib, acalabrutinib,
zanubrutinib, tirabrutinib, orelabrutinib, pirtobrutinib, and
nemtabrutinib, have been approved or used in the later stage of
clinical development for B cell malignancy treatment, such as mantle
cell lymphoma, chronic lymphocytic leukemia/small lymphocytic
lymphoma, Waldenstrom’s macroglobulinemia, and FL. Among
these BTK inhibitors, except for acalabrutinib, which is prone to
causing headaches, other BTK inhibitors rarely cause CNS
symptoms (Lipsky and Lamanna, 2020). To the best of our
knowledge, no cases of zanubrutinib- or other BTK inhibitor-
induced aseptic meningitis have been reported, and this is the
first case of zanubrutinib-induced aseptic meningitis. We
the literature on the clinical

reviewed pathogenesis,
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TABLE 3 Summary of all published cases reporting DIAM in hematological diseases.

Reference

Sex/
Age

Disease

Drugs

Administration

routs

Symptoms

Cell count
(cells/mm?3)

CSF

Protein
(mg/dL)

Glucose
(mg/dL)

Brain CT/MRI

Outcome

antiviral therapy

Thordarson and | F/24 ALL Cytarabine v Headache, fever, and = 126 Normal Normal Normal Discontinuation of Symptoms

Talstad (1986) neck stiffness cytarabine and empirical disappeared
antibiotics treatment on the fifth day

Flasshove et al. M/33 | ALL Cytarabine % Symptoms of 6,600 Increased - Normal Discontinuation of Symptoms

(1992) meningitis cytarabine and broad disappeared
specific antibiotics within 4 days

van den Berg F/15 ALL Cytarabine IT, IV, and SC Headache, fever, 1,200 200 19.8 Normal Discontinuation of Symptoms

et al. (2001) nausea, and mild cytarabine, empirical disappeared
nuchal rigidity antibiotics treatment, and
prevention of
corticosteroids and
clemastin

Pease et al. F/8 ALL Cytarabine v Headache, fever, 113 55 50 - Discontinuation of Symptoms

(2001) photophobia, and cytarabine and empirical disappeared

neck stiffness antibiotics treatment

Lin et al. (2009) | M/65 | CLL Apolizumab v Headache, fever, 840 (92% 113 47 Normal Discontinuation of Symptoms

disoriented, and neutrophils) apolizumab and empirical | disappeared
short-term memory antibiotics treatment over a week
deficits

Imataki et al. F/53 Ph* ALL Dasatinib PO Hypersensitivity on Increased - - Normal Discontinuation of Symptoms

(2014) both palms (predominance of dasatinib disappeared

lymphocyte)

Vey et al. (2016) | - AML RG7356 v - - - - - Discontinuation of Symptoms
RG7356 and steroid disappeared
administration over a week

- AML RG7356 v - - - - - Discontinuation of Symptoms
RG7356 and steroid disappeared
administration over a week

Reddy et al. F/46 MM Daratumumab = IV Headache, numbness | 46 (79% 24 89 Normal Discontinuation of Symptoms

(2018) in the chin, and neutrophils) daratumumab and Empiric = disappeared

tingling in the mouth antibiotic therapy within 4 days
and lips

Kako et al. M/19 | AML Alemtuzumab v Headache and fever Increased - - - Discontinuation of Symptoms

(2019) alemtuzumab and empiric = disappeared
antiviral therapy

E27 SAA Alemtuzumab v Headache and fever Increased - - - Discontinuation of Symptoms
alemtuzumab and empiric = disappeared
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TABLE 3 (Continued) Summary of all published cases reporting DIAM in hematological diseases.

Reference

Sex/
Age

Disease

Drugs

Administration

routs

Symptoms

Cell count
(cells/mm?3)

CSF

Protein
(mg/dL)

Glucose
(mg/dL)

Brain CT/MRI

Management

Outcome

gait

ventricle and bilateral
lateral ventricle
enlargement and
hydrocephalus, and CSF
exudation

M/58 FL Alemtuzumab v Headache and fever Increased - - - Discontinuation of Symptoms
alemtuzumab and empiric = disappeared
antiviral therapy

Beaumont and F/70 Ph" ALL Cytarabine and = IT Headache 710 (mostly 28 72 - Discontinuation of IT Symptoms
Suner (2020) methotrexate neutrophils) disappeared
within 2 weeks
Current report F/33 FL Zanubrutinib PO Headache, fever, hand | 300 690 42.84 meninges thickening, Discontinuation of Symptoms
tremors and unsteady cistern narrowing, third zanubrutinib disappeared

Abbreviations: DIAM: drug-induced aseptic meningitis; F: female; M: male; ALL: acute lymphoblastic leukemia; CLL: chronic lymphoblastic leukemia; Ph*.
ALL: Philadelphia chromosome-positive acute lymphoblastic leukemia; AML: acute myeloid leukemia; MM: multiple myeloma; SAA: severe aplastic anemia; FL: follicular lymphoma; IV: intravenous infusion; IT: intrathecal injection; SC: subcutaneous injection; PO:

peros; CSF: cerebrospinal fluid; CT: computed tomography; MRI: magnetic resonance imaging.
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manifestations, laboratory test and imaging, diagnosis, differential
diagnosis, and management of DIAM.

In DIAM, drug intake history is crucial because no specific
characteristics are associated with a specific drug. Nonsteroidal anti-
inflammatory drugs, intravenous immunoglobulins, antibiotics,
monoclonal antibodies, anticonvulsants, vaccines, and intrathecal
drugs are common causes of DIAM (Yelehe-Okouma et al., 2018).
To date, no study on the mechanism of BTK inhibitor-induced
aseptic meningitis has been published. The mechanisms of aseptic
meningitis caused by other drugs may include direct meningeal
irritation by intrathecal drug injection and immunologic
hypersensitivity reaction caused by systemic administration
(Yelehe-Okouma et al., 2018). We speculate that the mechanism
of zanubrutinib-induced aseptic meningitis may be the immune
hypersensitivity response caused by zanubrutinib that inhibits the
activation of the B-cell antigen receptor pathway. Moreover, the
patient did not develop DIAM with orelabrutinib; thus, we
speculated whether it was related to the differences in CNS
permeability between different BTK inhibitors. Currently, no
study has compared head-to-head CSF concentrations under
treatment with different BTK inhibitors.
reported that CSF concentrations of three BTK inhibitors

Three studies have

(ibrutinib, zanubrutinib, and orelabrutinib) were 1.65, 2.94, and
20.10 ng/mL, respectively (Grommes et al., 2017; Song et al., 2021;
Zhang et al,, 2021). Therefore, high CSF concentrations of both
zanubrutinib and orelabrutinib indicate that DIAM may not be
related with the differences in CNS penetration between the
different BTK inhibitors. In addition, BTK is the only kinase
targeted by orelabrutinib (with >90% inhibition) (Dhillon, 2021),
which may explain that aseptic meningitis developed with
zanubrutinib rather with orelabrutinib. DIAM symptoms mainly
include headache, fever, neck stiffness, nausea, photophobia,
disoriented, and short-term memory deficits. The CSF analysis
showed high cell and protein and normal glucose levels. MRI of
the brain appeared to be normal or displayed signs of meningitis.
DIAM is an exclusionary diagnosis, which requires exclusions of
bacterial, fungal, viral, and tuberculosis infections, neoplastic
meningitis, and systemic diseases involving the meninges
(Tattevin et al., 2019). DIAM should be distinguished from these
diseases, and we summarized the etiology, clinical features, CSF
characteristics, treatment, and prognosis of these diseases in Table 1,
which helps the doctors detect and identify DIAM promptly in
clinical practice. Overall, no significant difference was found in the
clinical symptoms between DIAM and other meningitis. The CSF
analysis of DIAM showed high cell count, which may be confused
with infectious meningitis and neoplastic meningitis. However, the
CSF of DIAM does not present any pathogens or tumor cells, which
can be distinguished from infectious meningitis and tumor
meningitis. DIAM management mainly includes discontinuing
the causative drugs and symptomatic treatments. Most patients
can recover after stopping medication for approximately 1 week.
Physicians must recognize and accurately discontinue relevant
Our with  FL
immunosuppressive therapy, and CSF examination demonstrated

pathogenic  drugs. patient received
a significant increase in cell and protein levels as previously reported.
However, her glucose level was slightly lower than normal, and the
brain MRI revealed typical signs of meningitis. In addition, her

symptoms significantly improved after discontinuing zanubrutinib
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for approximately 2 months, which was longer than that previously
reported.

Despite the lack of studies reporting aseptic meningitis induced by
zanubrutinib and other BTK inhibitors except for our case, BTK
inhibitors may cause some other serious and rare CNS AEs, including
progressive multifocal encephalopathy (PML) and posterior reversible
encephalopathy syndrome (PRES) (Zukas and Schiff, 2018). The
mechanism may be associated with impaired cellular immunity
caused by BTK inhibitors (Fugate and Rabinstein, 2015; Tattevin
etal,, 2019; Cortese et al., 2021; Zou et al., 2023). To distinguish aseptic
meningitis from other rare complications induced by BTK inhibitors,
Table 2 summarizes the pathogenesis, clinical manifestations, imaging
features, CSF analysis, diagnostic criteria, treatment strategies, and
prognosis of these three rare CNS complications to provide
information regarding their management. PML is caused by the
reactivation of John Cunningham polyoma virus in the presence of
cellular immune impairment. PRES involves perfusion imbalance and
reversible vascular edema. DIAM is caused by T cell-mediated
immune hypersensitivity and meningeal direct inflammation
caused by intrathecal injection of antimetabolic drugs. These three
complications occur following immunosuppressive drug therapy, and
physicians should promptly identify these rare complications and
discontinue relevant suspected immunosuppressive drugs.

In addition, we reviewed the literature on common
chemotherapy and targeted drugs that can induce aseptic
meningitis in hematological diseases (Table 3). Currently, except
for the case reported herein, 10 cases of DIAM have been reported,
including a total of 13 patients (Thordarson and Talstad, 1986;
Flasshove et al., 1992; van den Berg et al., 2001; Pease et al., 2001; Lin
et al,, 2009; Imataki et al., 2014; Vey et al., 2016; Reddy et al., 2018;
Kako et al., 2019; Beaumont and Suner, 2020). The median patient
age is 33 (interquartile range, 20.3-56.8) years, and the female
patients are dominant (7/11, 63.6%, sexes of two patients were
not reported). The primary diseases mainly include acute
lymphoblastic leukemia (6/13, 46.2%), acute myeloid leukemia
(3/13, 23.1%), chronic lymphoblastic leukemia (1/13, 7.7%),
multiple myeloma (1/13, 7.7%), severe aplastic anemia (1/13,
7.7%), and FL (1/13, 7.7%). The associated drugs include
cytarabine, apolizumab, dasatinib, daratumumab, alemtuzumab,
methotrexate, and RG7356. The administration routes include
intravenous infusion, intrathecal and subcutaneous injections,
and oral administration. Hematologists should be vigilant for the
occurrence of DIAM when these drugs are administered.

This study has some limitations. First, zanubrutinib was not
rechallenged to deeply determine this adverse reaction in our patient.
Additionally, this is the first case of zanubrutinib-induced aseptic
meningitis, and further observation and the mechanism of
zanubrutinib-induced aseptic meningitis should be explored in the future.

Conclusion

Zanubrutinib-induced aseptic meningitis should be considered a
potentially serious adverse drug reaction, and whether other BTK
inhibitors can cause aseptic meningitis remains unclear. Physicians,
especially hematologists, should be aware of this potential AE.
Relevant suspicious drugs should be promptly and effectively
discontinued when suspected of DIAM because the symptoms of
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DIAM are severe and most patients can quickly recover after
discontinuing the causative drugs.
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Objective: To investigate and analyze the post-marketing adverse event (AE) data
of multiple sclerosis (MS) therapeutic drug dalfampridine using the US Food and
Drug Administration Adverse Event Reporting System (FAERS) for its clinical safety
application.

Methods: Use OpenVigil2.1 platform to obtain AE data of dalfampridine from
FAERS from February 2010 to September 2022. Match “adverse drug reaction”
with preferred term (PT) and system organ class (SOC) according to the Medical
Dictionary for Regulatory Activities (MedDRA), then merge the same PT and delete
non-AE PT. Positive signals were identified by the reporting odds ratio (ROR),
proportional reporting ratio (PRR), and Bayesian confidence propagation neural
network (BCPNN) methods. When AE signals met the criteria of those three
methods, they were identified as positive signals.

Results: A total of 44,092 dalfampridine-related AE reports were obtained, and
335 AE signals were identified, including 11,889 AE reports. AEs were more
common in females and in the 45-65 age group, which is consistent with the
epidemiological characteristics of MS. The 335 AE signals involved 21 SOCs,
including investigations, infections and infestations, eye disorders, etc. Among
the top 20 PTs in signal strength, 10 were associated with abnormal lymphocyte
percentage and count, and 5 were associated with abnormal urine tests, some of
which were not described in the instruction, such as spinal cord injury cauda
equina, haemoglobin urine present, urinary sediment abnormal and so on. The
most frequently reported AE signals were urinary tract infection, dizziness,
condition aggravated. In addition, 23 AE signals with death outcomes were
identified, with an incidence of less than 0.1%.

Conclusion: Data mining of FAERS was conducted to analyze the AEs of
dalfampridine, and new AE signals were found. This study provides a reference
for the safe use of dalfampridine in the treatment of MS.
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1 Introduction

Multiple sclerosis (MS) is an autoimmune central nervous
system  (CNS)
demyelination and axonal transection,

disorder  characterized by inflammatory
defined as

terminal axonal structures representing the pathological correlate

severed

of irreversible neurologic damage (McGinley et al., 2021). MS is a
process that progresses from an at-risk state through asymptomatic,
prodromic, and symptomatic stages, and axonal and neuronal loss
begins at the early stages of the disease process, resulting in cognitive
impairment and other early disability (Katz Sand, 2015). Typical
clinical manifestations of MS include unilateral optic neuritis
(blurred vision with associated pain), partial myelitis (extremity
and torso impaired sensation, weakness, and/or ataxia), focal
sensory disturbance (limb paresthesias, abdominal or chest
banding dysesthesia), or brainstem syndromes (intranuclear
ophthalmoplegia, vertigo, hearing loss, facial sensory disturbance)
(Dobson and Giovannoni, 2019; McGinley et al, 2021). The
worldwide prevalence of MS ranges from 5 to 300 per
100,000 people, rising with increasing latitude, and is more
common in young and middle-aged adults (mean age of
diagnosis is 20-30 years) (Browne et al, 2014; Howard et al,
2016). The underlying cause of MS remains uncertain, but many
genetic (e.g., major histocompatibility complex HLA-DRB1 locus)
and environmental factors such as vitamin D levels, environmental
UV radiation, Epstein-Barr virus infection, and smoking have been
reported to be associated with MS (Dobson and Giovannoni, 2019).

Currently, there is no curative treatment available for MS, and its
treatment mainly includes acute relapses therapies, which are mostly
corticosteroids, disease-modifying therapies (DMTs), which mainly
includes B-interferon, glatiramer acetate, teriflunomide, fingolimod,
ozanimod, natalizumab, ofatumumab, etc, and symptomatic
therapies, which aimed to manage the complications associated
with MS (Zhang et al,, 2021; Travers et al., 2022). Although DMTs
are effective in reducing the risk of relapse and potentially disability,
they cannot address the poor quality of life or stop disease progression.

Dalfampridine (4-aminopyridine) is a voltage-dependent
potassium channel blocker that acts on potassium channels
exposed in MS patients to restore conduction in local
demyelinating axons (Ghebleh Zadeh et al., 2019). Dalfampridine
also promotes calcium (Ca®*) influx at presynaptic terminals,
thereby enhancing the neuronal or neuromuscular transmission
(Zhang et 2021). These

pharmacological properties suggest its therapeutic potential in

of normal myelin neurons al,,

neuromuscular  transmission  disorders and demyelinating
diseases. In January 2010, dalfampridine was approved by the
United States Food and Drug Administration (FDA) to improve
walking speed and distance in MS patients. Dalfampridine, also
known as fampridine in Europe, was conditionally approved for
marketing by the European Medicines Agency (EMA) in July
2011 and fully approved for marketing in 2017, and is now
available in Germany, the United Kingdom, France and other
countries (Guo et al, 2016). Although dalfampridine has been
approved for marketing in dozens of countries, treatment has
been mainly limited to patients in western countries, and the
drug is rarely included as a potential therapeutic option for the
symptomatic treatment of MS in other countries or regions such as

Latin America and Asia, which may be related to the limited
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financial resources allocated to healthcare

the
dalfampridine (Zhang et al., 2021). Despite many clinical studies

in developing
countries and relatively high cost of treatment in
have demonstrated its positive efficacy, adverse reactions of
dalfampridine, such as paresthesias, dizziness, anxiety, insomnia,
and confusion, have troubled some patients (Goodman et al., 2009;
Goodman et al., 2010; Hobart et al., 2019). In order to better apply
dalfampridine, it is necessary to further explore and analyze the
adverse events (AEs) caused by dalfampridine to reduce or avoid the
occurrence of AEs.

Although many adverse reactions have been described in the
instruction and in some clinical studies, the adverse reactions of
dalfampridine may not be fully revealed due to sample size and
ethical limitations. Real-world data contribute to a more
comprehensive understanding of the safety of dalfampridine, and
the FDA Adverse Event Reporting System (FAERS) is a
representative AE database that provides a good paradigm for
pharmacovigilance studies. In this study, AEs of dalfampridine
the FAERS to provide an overall

understanding of the safety of dalfampridine.

were mined through

2 Materials and methods
2.1 Data sources

Data in this study were obtained from the FAERS through
OpenVigil2.1, a software package for analyzing pharmacovigilance
data (Bohm et al., 2021). Using drug name “Dalfampridine” as the
keyword, the search time range was 1 February 2010 to
30 September 2022, and the minimum age of patients was
limited to 18 years. By setting filter conditions such as gender,
age, country, year and outcome, AE reports of dalfampridine were
extracted respectively for subgroup analysis. The AE report
outcomes included death, congenital anomaly, disability, life-
threatening, hospitalization (initial or prolonged), required
intervention to prevent permanent impairment, and others,
with the first six being severe AE outcomes.

2.2 Data processing

The classification and standardization of AEs in FAERS data is
referred to the Medical Dictionary for Regulatory Activities
(MedDRA) (Tian et al., 2022). In the FAERS database, each report
is coded using Preferred Terms (PTs) from MedDRA. In MedDRA, a
given PT can be assigned to a specific High-level Term (HLT), High-
level Group Term (HLGT), and System Organ Class (SOC) level, but
each HLT, HLGT, and SOC often contains multiple PT. This study

TABLE 1 Two-by-two contingency table for disproportionality analyses.

Event groups Drug used Other drugs Sums
Event a c a+c

Other events b d b+d

Sums a+b c+d atb +c+d
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TABLE 2 Calculation formulas and thresholds of ROR, PRR, and BCPNN methods.

10.3389/fphar.2023.1226086

Threshold

a > 3 and 95% CI lower limit of ROR >1

a>3,PRR >2 and x* > 4

Methods Calculation formula
ROR ROR = (a/c)/(b/d)

95% CI = elnRORil.Qﬁ (o ——_
MHRA PRR = [a(a+b)]/[c(c + d)]

2 _ (atb+c+d)(ad-be)’

X' = (o) (aeh) crd) (b+d)

btc+d

PN 1€ = log,ieis

a>3and IC-2SD > 0

_ (a+y,,) (N+a) (N+B)
IC-28D = log, iyl GO0 P — 2 [V (IC)

N-a-b+a-a,

N-a—c+p-p,

— (1.2 [__N-aty-y,
VIC) = (552" [anyymneg + Gbran (i +

(u+c+ﬂ‘)(1+N+[3)]

_ (N+a) (N+B)
Y = YiTarbear) (atbip,)

yu=La=f=La=f=2,N=a+b+c+d

TABLE 3 Basic information about AE reports of dalfampridine from February
2010 to September 2022.

AE number

Percentage (%)

Gender of patient

Male 11019 24.99
Female 32929 74.68
Unknown 144 0.33
Age

18-45 8899 20.18
46-65 28177 63.91
>65 6968 15.80
Unknown 48 0.11
Reporter country

United Sates 37170 84.30
Germany 1924 4.36
Canada 1646 373
France 426 0.97
United Kingdom 124 0.28
Australia 93 0.21
Others and unknown 2709 6.14

analyzed the data derived from OpenVigil2.1 platform under the
definition of MedDRA. Standardize the PT of all AE terms through
the MedDRA (version 26.0) and then merge the same PT entries. In
addition, non-drug AE terms and AE terms associated with MS
symptoms and indications for dalfampridine were removed. Then,
a two-by-two contingency table was constructed (Table 1), and
disproportional AEs and drug combinations were identified.

Frontiers in Pharmacology

2.3 AE signal detection

Reporting odds ratio (ROR), United Kingdom medicines and
healthcare products regulatory agency (MHRA), and Bayesian
confidence propagation neural network (BCPNN) methods were
used to detect AE signals. ROR, proportional reporting ratio (PRR)
and information component (IC) values were calculated according
to values a, b, ¢, and d in Table 1, and positive signals were identified
according to the criteria in Table 2. Only AEs that meet the
thresholds of all three methods are identified as positive AE
signals. Microsoft Excel 2019 and Graphpad prism 8.0 software
were used for data analysis.

3 Results
3.1 Descriptive analysis

From February 2010 to September 2022, a total of 4,541,880 AE
reports were retrieved from the FAERS wusing the
OpenVigil2.1 platform, of which 44,092 were AE reports with
dalfampridine as the primary suspect drug, accounting for about
0.97%. By subgroup analysis of gender, age and country, we found
that the patient gender in these AE reports was mainly female,
accounting for 74.68%, the age of the patients was mainly 46-65,
accounting for 63.91%, and the reporting country was mainly
United States, accounting for 84.30% (Table 3). The annual
distribution of AE reports showed a trend of increasing first and
then decreasing, and the distribution of years reported by AEs with
severe outcomes showed similar characteristics. (Figure 1A). In
2018, the number of AE reports reached 8780, among which
2940 were severe outcomes. There were 18,583 AE reports with
severe outcomes, accounting for 42.15% of all reports, and
hospitalization is the main severe outcome, accounting for
31.89%, while required intervention and congenital anomaly are
sporadic, accounting for less than 0.1% (Figure 1B).
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FIGURE 1

The annual distribution of AE reports and the composition of severe outcome AE reports for dalfampridine. (A) Annual distribution of AE reports, (B)
The types, cases and proportion of severe outcome AE. Since the reporting years of some AE reports are not clear, the total AE in the Figure 1A shows only

43975

3.2 Disproportionality analysis of AEs at the
SOC level

By excluding and combining the PT entries, a total of
335 AE signals were identified, including 11,889 AE reports.
These 335 AE signals were classified according to the
corresponding SOC of MedDRA involving 21 SOCs. We
evaluated the correlation between AEs and organs by ROR,
MHRA, and BCPNN methods. The larger the ROR, PRR, and IC
values, the stronger the correlation. The results showed that the
SOCs with the
infections

strongest relevance were investigations,

and infestations, eye disorders, and so on
(Table 4). The SOCs containing the most positive signals are
investigations (117), nervous system disorders (47), injury,
poisoning and procedural complications (40), infections and
infestations (27), and renal and wurinary disorders (25)
respectively, and eye disorders, skin and subcutaneous tissue
disorders, cardiac disorders, and immune system disorders all
contain only one positive signal. Among them, 6 SOCs, such as
and nutrition disorders,

metabolism reproductive

system and breast disorders, injury, poisoning and
procedural complications, neoplasms benign, malignant and
unspecified (incl cysts and polyps), endocrine disorders, and
ear and labyrinth disorders, were not reported in the

instruction.

Frontiers in Pharmacology

3.3 Disproportionality analysis of AEs at the
PT level

The top 20 PTs of AE with the strongest relevance with
dalfampridine are shown in Table 5, including spinal cord injury
cauda equina, CD8 lymphocyte percentage decreased, haemoglobin
urine present, etc. Among them, spinal cord injury cauda equina,
haemoglobin urine present, urine leukocyte esterase positive, urinary
sediment abnormal and specific gravity urine abnormal are AEs not
mentioned in the instruction. In addition, as is shown in Supplementary
Table S1, the highest number of AE reported included urinary tract
infection (1061, 8.92%), dizziness (764, 6.43%), condition aggravated
(606, 5.10%), etc., which were also the main adverse reactions reported
in the instruction. In order to further understand the age, gender and
countries/regions distribution of common AE, we conducted subgroup
analysis of AE in the top 3 reported AE numbers. As shown in Table 6,
the rates of urinary tract infection, dizziness, condition aggravated are
all above 72% in females and above 60% in the 46-65 age group, and the
rates reported by the United States are above 86%.

3.4 AE analysis of death outcome

In order to understand the severe AE with a death outcome,
23 AE signals were identified according to the criteria in Table 2, and

frontiersin.org
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TABLE 4 The SOC of AEs associated with dalfampridine (Sort by IC value).

10.3389/fphar.2023.1226086

SOC name PT number N (%) ROR (95% Cl) PRR (x?) IC (IC-2SD)
Investigations 117 2181 (18.34) 13.49 (12.88, 14.14) 11.47 (20,447.67) 3.48 (3.26)
Infections and infestations 27 1511 (12.71) 9.61 (9.11, 10.15) 8.65 (10,096.25) 3.08 (2.85)
Eye disorders 1 3 (0.03) 7.84 (2.49, 24.62) 7.83 (17.48) 2.94 (2.29)
Metabolism and nutrition disorders 4 47 (0.40) 5.93 (4.44, 7.92) 5.92 (188.82) 2.54 (2.18)
Blood and lymphatic system disorders 3 61 (0.51) 5.57 (4.32, 7.17) 5.54 (223.73) 2.45 (2.10)
Vascular disorders 4 380 (3.20) 4.70 (4.24, 5.21) 4.60 (1062.07) 2.19 (1.92)
Renal and urinary disorders 25 795 (6.69) 4.77 (4.44, 5.13) 4.55 (2198.69) 2.17 (1.93)
Gastrointestinal disorders 4 33 (0.28) 4.15 (2.94, 5.85) 4.14 (77.64) 2.04 (1.65)
Skin and subcutaneous tissue disorders 1 18 (0.15) 3.75 (2.35, 5.96) 3.74 (35.80) 1.89 (1.46)
Reproductive system and breast disorders 2 10 (0.08) 3.70 (1.99, 6.91) 3.70 (19.51) 1.88 (1.40)
Injury, poisoning and procedural complications 40 1103 (9.28) 3.87 (3.64, 4.11) 3.63 (2129.85) 1.85 (1.61)
Neoplasms benign, malignant and unspecified (incl cysts and polyps) 8 58 (0.49) 3.56 (2.74, 4.61) 3.54 (104.98) 1.81 (1.46)
Respiratory, thoracic and mediastinal disorders 2 20 (0.17) 3.43 (2.21, 5.33) 3.42 (33.98) 1.77 (1.34)
Nervous system disorders 47 3411 (28.69) 4.13 (3.97, 4.29) 3.34 (5983.38) 1.73 (1.52)
General disorders and administration site conditions 14 976 (8.21) 3.42 (3.21, 3.66) 3.25 (1539.10) 1.69 (1.45)
Endocrine disorders 2 11 (0.09) 3.14 (1.73, 5.69) 3.14 (15.90) 1.64 (1.17)
Psychiatric disorders 14 694 (5.84) 2.95 (2.74, 3.19) 2.85 (844.00) 1.50 (1.26)
Cardiac disorders 1 11 (0.09) 2.85 (1.57, 5.16) 2.85 (13.09) 1.50 (1.03)
Musculoskeletal and connective tissue disorders 16 464 (3.90) 2.46 (2.24, 2.70) 2.41 (385.23) 1.26 (1.00)
Ear and labyrinth disorders 2 93 (0.78) 2.17 (1.77, 2.67) 2.17 (58.12) 1.11 (0.78)
Immune system disorders 1 9 (0.08) 2.15 (1.12, 4.14) 2.15 (5.48) 1.10 (0.61)

% indicates the proportion of corresponding AE, reports in the total reports of positive AE, signals (11,889 cases).

the results were shown in Table 7. Among them, pneumonia
aspiration (12, 1.01%o), urinary tract infection (11, 0.93%o),
progressive multifocal leukoencephalopathy (9, 0.76%o0) and
seizure (9, 0.76%o) have the largest number of reports. Erosive
duodenitis,  haemorrhagic  erosive  gastritis,  duodenitis,
osteoporosis, intracranial pressure increased, decubitus ulcer, lung
cancer metastatic, transient ischaemic attack, aphasia, dysarthria,
lung carcinoma cell type unspecified stage IV, and pneumonia
aspiration are not mentioned in the instruction.

4 Discussion

Mobility impairment is one of the most widespread and serious
consequences of MS, which has many adverse effects on emotional
wellbeing, activities of daily living, quality of life of patients
(Heesen et al., 2008; Larocca, 2011). Studies have shown that
45% of patients report mobility problems within the first month
of diagnosis, and more than 90% report mobility problems within
10 years of diagnosis (Baird et al., 2018). Therefore, improving
walking ability has positive significance for improving the quality
of life of MS patients. Dalfampridine is the first symptomatic
pharmacologic agent approved by the FDA to improve walking in

Frontiers in Pharmacology

patients with MS (Baird et al., 2018). In this study, AE signals of
dalfampridine were mined on the basis of real-world data, aiming
to provide a comprehensive understanding of the safety of
dalfampridine. Since dalfampridine was first approved in
January 2010, we collected AE reports submitted to FAERS
from February 2010 to September 2022, and a total of
44,092 AE reports were obtained, 74.68% of which were
women, which was close to the gender ratio of MS patients, as
women are two to three times more frequently affected than men
(Oh et al,, 2018). However, different from the peak incidence of
20-40 years old, the age group with the most AE reported was
45-65 years old, accounting for more than 65%, suggesting that
older patients or patients with longer course of disease were more
likely to suffer drug-induced damage. Fewer AEs were reported in
patients over 65 years of age, possibly due to the higher mortality
rate and shorter life expectancy of MS (Thormann et al., 2017).
Among reporting countries or regions, the United States reported
the largest number of AE, accounting for 84.30%, followed by
Germany (4.36%) and Canada (3.73%), which is related to the high
prevalence among white person, especially those of northern
European descent (Ascherio and Munger, 2016). Another
important reason is that the FAERS was established by the FDA
in the United States and may be less used in other countries or
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https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1226086

Xiong et al. 10.3389/fphar.2023.1226086

TABLE 5 Top 20 PTs of signal strength of AEs associated with dalfampridine (Sort by IC value).

PT name N (%) ROR (95% Cl) PRR (x) IC (IC-

Spinal cord injury cauda equina 6 (0.05) 1011.04 (204.04, 5009.82) 1010.59 (1512.88) 7.99 (6.99)
CD8 lymphocyte percentage decreased 3 (0.03) 1010.81 (105.13, 9718.49) 1010.59 (756.44) 7.99 (6.31)
Haemoglobin urine present 17 (0.14) 337.29 (172.16, 660.78) 336.86 (2846.37) 7.40 (6.84)
CDS8 lymphocytes increased 6 (0.05) 337.01 (108.68, 1045.08) 336.86 (1004.60) 7.40 (6.56)
Somatosensory evoked potentials abnormal 6 (0.05) 288.87 (97.07, 859.66) 288.74 (926.40) 7.28 (6.46)
CD4 lymphocyte percentage decreased 6 (0.05) 252.76 (87.69, 728.58) 252.65 (859.38) 7.18 (6.38)
Urine leukocyte esterase positive 51 (0.43) 233.04 (163.06, 333.06) 232.16 (6949.36) 7.11 (6.70)
B-lymphocyte count abnormal 11 (0.09) 231.78 (107.55, 499.53) 231.59 (1496.64) 7.10 (6.49)
B-lymphocyte count decreased 61 (0.51) 192.91 (140.80, 264.32) 192.04 (7383.87) 6.94 (6.55)
T-lymphocyte count increased 17 (0.14) 191.13 (105.39, 346.61) 190.89 (2049.72) 6.93 (6.41)
CD4 lymphocytes increased 15 (0.13) 174.43 (93.50, 325.42) 174.24 (1702.89) 6.85 (6.31)
Vitamin B12 abnormal 8 (0.07) 158.62 (68.44, 367.60) 158.52 (851.53) 6.76 (6.10)
CD8 lymphocytes decreased 14 (0.12) 152.29 (81.00, 286.33) 152.13 (1448.01) 6.72 (6.18)
Lymphocyte percentage abnormal 3(0.03) 144.40 (37.34, 558.49) 144.37 (298.99) 6.66 (5.62)
Urinary sediment abnormal 5 (0.04) 129.61 (46.20, 363.61) 129.56 (460.67) 6.55 (5.79)
Urine analysis abnormal 179 (1.51) 124.45 (104.79, 147.80) 122.81 (15,850.60) 6.50 (6.19)
Cystitis klebsiella 8 (0.07) 112.35 (50.47, 250.13) 112.29 (661.78) 6.40 (5.78)
Specific gravity urine abnormal 3 (0.03) 112.31 (30.40, 414.91) 112.29 (248.17) 6.40 (5.42)
Culture urine positive 58 (0.49) 94.34 (70.48, 126.27) 93.93 (4170.19) 6.20 (5.83)
T-lymphocyte count decreased 27 (0.23) 92.99 (60.71, 142.43) 92.81 (1922.52) 6.19 (5.75)

% indicates the proportion of corresponding AE, reports in the total reports of positive AE, signals (11,889 cases).

TABLE 6 Age, gender and country/regional distribution of the top 3 PT.

Entry name Urinary tract infection N (%) Dizziness N (%) Condition aggravated N (%)

Gender of patient

Male 175 (16.49) 156 (20.42) 164 (27.06)
Female 882 (83.13) 605 (79.19) 440 (72.61)
Unknown 4 (0.38) 3(0.39) 2 (0.33)
Age

18-45 157 (14.80) 153 (20.03) 110 (18.15)
46-65 694 (65.41) 459 (60.08) 378 (62.38)
>65 207 (19.51) 150 (19.63) 118 (19.47)
Unknown 3(0.28) 2 (0.26) -

Reporter country/region

United Sates 983 (92.65) 658 (86.13) 566 (93.40)
European 36 (3.39) — —
Canada 12 (1.13) — —
Others 30 (2.83) 106 (13.87) 40 (6.60)

% indicates the proportion of the entry to the corresponding total cases.

Frontiers in Pharmacology 81 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1226086

Xiong et al.

TABLE 7 The PT of AEs with a death outcome (Sort by IC value).

10.3389/fphar.2023.1226086

PT name N (%o) ROR (95% Cl) PRR (x°) IC (IC-2SD)
Erosive duodenitis 3 (0.25) 253.72 (71.37, 901.98) 252.13 (600.34) 7.66 (5.14)
Haemorrhagic erosive gastritis 3 (0.25) 234.20 (66.52, 824.52) 232.74 (562.45) 7.56 (5.07)
Duodenitis 3 (0.25) 59.69 (18.57, 191.93) 59.33 (162.49) 5.81 (3.50)
Central nervous system lesion 5 (0.42) 30.50 (12.48, 74.59) 30.20 (137.09) 4.88 (2.70)
Immune reconstitution inflammatory syndrome 3 (0.25) 17.10 (5.44, 53.71) 17.00 (44.44) 4.06 (1.81)
Paraesthesia 5(0.42) 14.14 (5.82, 34.35) 14.01 (59.61) 3.79 (1.63)
Progressive multifocal leukoencephalopathy 9 (0.76) 14.19 (7.31, 27.57) 13.94 (106.80) 3.78 (1.68)
Osteoporosis 3 (0.25) 13.90 (4.43, 43.58) 13.82 (35.20) 3.77 (1.52)
Intracranial pressure increased 3 (0.25) 12.27 (3.92, 38.44) 12.20 (30.49) 3.59 (1.35)
Decubitus ulcer 4 (0.34) 11.72 (4.35, 31.52) 11.63 (38.43) 3.52 (1.33)
Ill-defined disorder 4 (0.34) 10.06 (3.74, 27.05) 9.99 (32.05) 3.31 (1.12)
Hypoaesthesia 5(0.42) 9.71 (4.01, 23.55) 9.62 (38.31) 3.25 (1.09)
Lung cancer metastatic 4 (0.34) 9.45 (3.52, 25.40) 9.38 (29.70) 3.22 (1.03)
Transient ischaemic attack 3(0.25) 9.33 (2.98, 29.19) 9.28 (21.98) 3.20 (0.96)
Aphasia 4 (0.34) 8.00 (2.98, 21.49) 7.94 (24.10) 2.98 (0.79)
Urosepsis 3 (0.25) 5.94 (1.90, 18.55) 591 (12.18) 2.56 (0.32)
Dysarthria 3 (0.25) 5.77 (1.85, 18.02) 5.74 (11.69) 2.51 (0.28)
Lung carcinoma cell type unspecified stage IV 3 (0.25) 5.56 (1.78, 17.35) 5.53 (11.09) 2.46 (0.23)
Seizure 9 (0.76) 5.29 (2.73, 10.25) 5.21 (30.58) 2.38 (0.28)
Pneumonia aspiration 12 (1.01) 5.05 (2.84, 8.96) 4.95 (37.78) 2.30 (0.23)
Gastrointestinal disorder 3 (0.25) 4.95 (1.59, 15.45) 4.93 (9.36) 2.30 (0.06)
Urinary tract infection 11 (0.93) 4.88 (2.68, 8.89) 4.79 (33.03) 2.26 (0.18)
Metastases to central nervous system 4 (0.34) 4.61 (1.72, 12.37) 4.58 (11.18) 2.19 (0.01)

%o indicates the proportion of corresponding AE, in the total AE, cases (11,889 cases).

regions. In addition, it may be related to the number of approved
countries and the popularity of dalfampridine. From the
perspective of the number of AE changes with the years, the
number of AE reports showed a slight fluctuation from 2010 to
2016, reached a peak in 2017-2019, and then gradually fall back. It
may be because fewer patients applied dalfampridine at the initial
stage of its marketing. With the increase of clinical application of
dalfampridine, the number of AE reports increased, and the
decrease in the number of AE reports in recent years may be
due to the fact that medical staff have a relatively full
understanding of the safety of dalfampridine and have avoided
some AE. The annual distribution of severe outcome AE reports
was consistent with the change trend of total AE reports,
We also noted that the
proportion of AE reports with serious outcomes fluctuated from

accounting for about 42.15%.

year to year, which may be related to the continuous approval of
dalfampridine in different countries, because the current safety
studies on dalfampridine are mainly focused on Western countries
and Caucasian populations, and there is less experience in other
countries and ethnicities (Zhang et al., 2021). In addition, the
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outcome of AE report can only reflect the outcome of the patient
with the corresponding AE, but whether these outcomes are caused
by dalfampridine-induced adverse reaction or by disease
progression remains to be distinguished.

In the current study, the AE signal of dalfampridine involved
21 SOC items, among which the strongest correlation was in
investigations, suggesting that dalfampridine had a potential
impact on investigations. The largest number of AE reports were
for nervous system disorders, including dizziness, paresthesia,
epilepsy, etc., which was consistent with the instruction of
dalfampridine and may be related to its pharmacological
mechanism of altering neuronal conduction or neuromuscular
transmission (Pikoulas and Fuller, 2012). However, there are
some nervous system disorders such as cognitive disorder,
neuralgia and spinal cord disorder (Supplementary Table S2) that
may also be associated with the progression of MS (Katz Sand, 2015;
Dobson and Giovannoni, 2019). Therefore, clinicians should
accurately identify the neurological symptoms of patients during
dalfampridine treatment and take necessary measures. In our
analysis, there are 6 SOCs that are not mentioned in the
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instruction, namely, metabolism and nutrition disorders,
reproductive system and breast disorders, injury, poisoning and
procedural complications, neoplasms benign, malignant and
unspecified (incl cysts and polyps), endocrine disorders, and ear
and labyrinth disorders. It is suggested that dalfampridine may have
potential adverse effects on these systems and should be paid
attention to in clinical use.

In the PT item analysis, the most significant AE signal was spinal
cord injury cauda equina, which may be related to disease
progression, as spinal cord injury is common in MS patients.
However, an early study showed that electrical conduction of the
spinal cord from the sixth cervical spine (C6) to the first lumbar
spine (L1) was slowed, while the cauda equina was unaffected
(Snooks and Swash, 1985). Therefore, whether the spinal cord
injury cauda equina is caused by dalfampridine or MS
progression needs further study. For many years, MS has been
considered to be an autoimmune disease of the central nervous
system mediated by T lymphocytes, triggered by environmental
factors on the basis of genetic susceptibility genes (Oh et al., 2018).
CD4" T cells may play an important role in peripheral immune
interactions leading to MS, while CD8" T cells are the predominant
T-cell population in brain lesions in patients with MS, and the
number of CD8" T cells is most correlated with the degree of axonal
damage (Bar-Or and Li, 2021). Of the top 20 significant AE signals,
10 entries were associated with lymphocyte count or percentage
abnormalities, including increased, decreased, or abnormal.
Although abnormal lymphocyte counts or percentages are often
associated with MS pathology, they are usually elevated rather than
decreased, so excessive lymphocyte depletion may be an adverse
outcome of dalfampridine. There were six signals associated with
abnormal urine tests, which are likely related to kidney injury or
urinary tract infection, consistent with the instructions and previous
reports (Pikoulas and Fuller, 2012; Frejo et al., 2014; Zhong et al.,
2017). Studies have shown that the plasma concentration (Cy,,y) of
dalfampridine and area under the plasma concentration-time curve
(AUC) in mild and severe renal impairment are 166.5%-199.9% and
175.3%-398.7% of healthy individuals, respectively, and the mean
terminal disposition half-life was 6.4h in healthy individuals,
compared with 7.4, 8.1, and 14.3h in patients with mild,
moderate, and severe renal impairment, respectively (Smith et al.,
2010). This suggests that dalfampridine should be used with caution
in patients with mild and moderate renal impairment and should be
contraindicated in patients with severe renal impairment. Previous
studies have shown decreased levels of vitamin B12 in MS patients,
and appropriately elevated levels of vitamin B12 may be beneficial
for anti-inflammatory and myelin regeneration (Miller et al., 2005;
2018). This
B12 abnormal is not AE signals of dalfampridine. In terms of the

Nemazannikova et al., suggests that vitamin
number of reported AE, urinary tract infection, dizziness and
condition aggravated were the most frequently reported AE.
Subgroup analysis showed that the percentage of female patients
reporting urinary tract infection and dizziness was higher than the
proportion of female in the total number of AEs, suggesting that
women were more prone to urinary tract infection and dizziness.
The percentages of patients aged 18-45 years old reporting urinary
tract infection and the percentages of patients aged 45-65 years old
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reporting dizziness and condition aggravated were lower than the
proportion of corresponding age in total AE, while the percentages
of patients over 65years old reporting urinary tract infection,
dizziness and condition aggravated were higher than the
proportion of corresponding age in total AE, suggesting that
older patients may be more prone to these AEs. The absence of
reported dizziness and condition aggravated records from Europe
and Canada does not mean that AEs did not occur in these regions,
most likely due to incomplete or unreported regional records. In
addition, we identified 23 AE signals with death outcome, which
were relatively low in proportion (less than 0.1%) but still worthy of
clinical attention.

In summary, this study investigated and analyzed the AE
records of dalfampridine in the FAERS database, and found that
the AEs of dalfampridine involved multiple system organ such as
nervous system, blood system, urinary system, and some of AEs
had gender and age differences. At the same time, we also pointed
out some new potential AEs not reported in the instruction and
literature. However, there are some shortcomings in this study: 1)
This study relied on data recorded by FAERS, so we failed to
analyze AE records that were not reported or had incomplete
information; 2) the FAERS database was established by the
United States FDA, and the recorded data were mainly from
the United States, so the analysis in this study could not well
distinguish the differences of these adverse events among ethnic
groups; 3) this study is a descriptive study, only a description and
analysis of existing data, which cannot reveal the causal
relationship between AE and drug-used. Nevertheless, this
study is of positive significance for the early warning of AEs
in dalfampridine. Clinicians should take full consideration of
health status of patients and possible AE, and take necessary
measures to reduce or avoid the occurrence of AEs.
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Linezolid combined with rifampicin has shown excellent clinical outcomes against
infection by multi-resistant Gram-positive bacteria. However, several studies have
indicated that rifampicin reduces the plasma concentration of linezolid in patients
with severe infection. Linezolid has been recommended for the treatment of
patients with multidrug-resistant or extensively drug-resistant tuberculosis.
However, studies on the interaction between linezolid and rifampicin in
patients suffering from tuberculosis with infection are lacking. We evaluated
the interaction between linezolid and rifampicin based on therapeutic drug
monitoring (TDM). A retrospective analysis was undertaken for patients with
tuberculosis and infection who were treated with linezolid and undergoing
TDM. Patients were divided into the linezolid group and linezolid + rifampicin
group. Data on demographic characteristics, disease, duration of linezolid therapy,
and the plasma concentration of linezolid were used for statistical analyses.
Eighty-eight patients with tuberculosis and infection were assessed. Values for
the peak (Cpax) and trough (Cin) concentrations of linezolid in plasma were
available for 42 and 46 cases, respectively. Patients in the linezolid group had a
significantly higher Cp.y [15.76 (8.07-26.06) vs. 13.18 (7.48-23.64) mg/L, p =
0.048] and C,in [8.38 (3.06-16.53) vs. 4.27 (0.45-10.47), p = 0.005] than those in
the linezolid + rifampicin group. The plasma concentration of linezolid increased
obviously in two patients after rifampicin discontinuation. However, the total
efficiency and prevalence of hematologic adverse reactions were not
significantly different in the linezolid group and linezolid + rifampin group. The
plasma concentration of linezolid decreased upon combination with rifampicin,
suggesting that TDM may aid avoidance of subtherapeutic levels of linezolid upon
co-treatment with rifampicin.
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Introduction

Linezolid was the first antibacterial drug of the oxazolidinone class to be used clinically. Tt
can inhibit the synthesis of bacterial proteins. Linezolid has a unique site and mode of action.
Hence, cross-resistance with other inhibitors of protein synthesis and anti-tuberculosis drugs
is unlikely, and it does not induce resistance readily in vitro (Singh et al., 2019). In vitro
research suggests that linezolid has a strong effect against M. tuberculosis, and a minimum
inhibitory concentration (MIC) of 0.125-1.0 mg/L has been documented. It has equal
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activity against sensitive and resistant strains of Mycobacterium
tuberculosis, and an effect against fast-growing bacteria and
quiescent bacteria. Therefore, linezolid has become the main
drug for long-term treatment for drug-resistant tuberculosis (TB)
(Tuberculosis and Association, 2022). The oxidative metabolism of
linezolid is non-enzymatic, and does not involve the cytochrome
P450 (CYP) enzymes in hepatic microsomes. Clinical research has
shown that ~65% of linezolid is cleared by non-renal mechanisms,
and ~30% is excreted in urine (Slatter et al., 2001).

Rifampicin is the first-line drug used to counteract tuberculosis.
It is a strong inducer of CYP and the P-glycoprotein transport
system. Rifampicin has enzyme-inducing effects on CYP3A,
CYP1A2, CYP2C, and CYP2D6, which leads to significant
interactions with several drug types (Burman et al., 2001; Finch
etal., 2002). A combination of vancomycin and rifampicin is usually
recommended for the treatment of methicillin-resistant
Staphylococcus aureus infections in endocarditis, osteomyelitis,
and septic arthritis, whereas linezolid may be used if vancomycin
is resistant (or ineffective) or if sequential therapy is required (Liu
et al., 2011).

There have been several reports of interactions between linezolid
with rifampicin, which have indicated that rifampicin reduces the
plasma concentration of linezolid and poses a risk of therapeutic
failure (Egle et al., 2005; Gebhart et al., 2007; Hoyo et al., 2012).
Furthermore, the medication package insert for linezolid glucose
injection (Zyvox™; Pfizer Pharmaceuticals, New York, NY, United
Staes) states that patients receiving rifampicin with linezolid (p.o.)
results in a 21% and 32% reduction in the peak serum concentration
(Cinax) and area under the drug concentration-time curve (AUC),
respectively, for linezolid, but the clinical importance of this
interaction is not known. The mechanism by which linezolid and
rifampicin interact is not known. Moreover, reports on co-
administration of linezolid and rifampicin in TB patients co-
infected with other bacterial pathogens are lacking.

We undertook a retrospective analysis to reveal the effect of co-
administration of rifampicin on the plasma concentration of
linezolid in patients suffering from tuberculosis and infection.
We wished to evaluate the efficacy and safety of linezolid and
rifampicin if administered alone or in combination.

Materials and methods
Setting

This observational retrospective study was undertaken at
Affiliated Changsha Central Hospital (ACCH) within the
University of South China (Hengyang, China). ACCH, a grade-
IIIA hospital, is a key medical research center for tuberculosis in
Hunan province. The Clinical Pharmacology Department answers
all requests for therapeutic drug monitoring (TDM) for ACCH and
its healthcare area.

Inclusion and exclusion criteria

The inclusion criteria were patients: 1) aged >18 years; 2)

receiving continuous linezolid injection with a standard
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administration [(600 mg every 12h (Q12h)] for
treatment >3 days; 3) for whom TDM results for linezolid at
steady state were available.

The exclusion criteria were patients: 1) aged <18 years; 2) who
were pregnant or lactating; 3) for whom the plasma concentration of
linezolid did not reach a steady state or was below the limit of
detection; 4) who were administered other drugs that strongly
induced hepatic enzymes (e.g., carbamazepine, phenytoin sodium,
phenobarbital) simultaneously; 5) undergoing blood purification or
other forms of kidney-replacement therapy.

Patients

Cases from the Tuberculosis Diagnosis and Treatment Center of
ACCH from January 2020 to June 2023 treated with linezolid
(600 mg, Q12h)
concentration of linezolid during hospitalization were monitored.

injection and for whom the plasma
Patients were divided into two groups (linezolid and linezolid +
rifampicin) according to whether the medication plan during

hospitalization contained rifampicin.

Determination of drug concentration in
plasma

When linezolid had reached a steady-state concentration (>3 days),
blood was collected 30 min before and 30 min after the next intravenous
drip to monitor the trough concentration (C,;,) and Cy,.x, respectively.
Plasma was obtained from blood by centrifugation (3,000 x g for 10 min
at 4°C). Plasma was processed by protein precipitation. Then, high-
performance liquid chromatography using a photodiode array (HPLC-
PDA) was undertaken. Chromatographic separation was carried out on
a Diamonsil C18 column (4.6 x 20 mm, 5 pm). The column oven was
set at 30°C. The mobile phase consisted of methanol: water (40:60). The
detection wavelength was 253 nm.

The analytical method met the requirements for determination
of biological samples, with absolute recovery >85% and a linear
range of 0.31-40.55 mg/L (R* = 0.9997). The intra-day precision and
inter-day precision of low, medium, and high concentrations
were <5%. Biological samples were stable within 24 h at room
temperature, at two freeze-thaw cycles, and after freezing
at —80°C for 3 months. The C,,;, range of linezolid is 2-8 mg/L,
whereas the C,,,, range is 12-26 mg/L (Beijin Chest Hospital and
Antituberculosis, 2021; Lin et al., 2022).

Data collection

The electronic medical record system (EMRS) of ACCH was
used to retrieve and collect patient information. The data collected
were organized as: 1) demographics (age, sex, bodyweight); 2) reason
and time for administration of linezolid injection; 3) pathogen
information; 4) detection time and results for the plasma
concentration of linezolid; 5) laboratory data for liver function
(albumin, total bilirubin), renal function (creatinine), and blood
data before and after medication administration (white blood cell
(WBC) count, percent neutrophils, hemoglobin, platelet count).
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Clinical outcome

After anti-tuberculosis and anti-infection treatment with
linezolid, if symptoms disappeared or improved significantly,
pathogenic suggested
improvement, then this scenario was classified as “clinically

bacteria were cleared, or imaging

effective”; if not, then the classification was “clinically ineffective.”

Safety and tolerability of linezolid

Hematological adverse drug reactions (ADRs) and peripheral
neuropathy were monitored. The physician presumed that the ADR
was due to linezolid, then reduced the dose or stopped linezolid.

A hematological ADRs was defined as: 1) a reduction in the
platelet count and/or hemoglobin level >30% in comparison with
those at baseline; 2) a normal or high WBC count 3 days before or on
the day of dosing but a WBC count below the lower limit of normal
(3.5 x 10°/L) after dosing (Takahashi et al., 2011).

Peripheral neuropathy was defined as follows: 1) patients were
suspected to have developed neuropathy if the EMRS demonstrated
nerve dysfunctions (pain, sensory loss, or numbness); 2) neurological
symptoms reduced or disappeared upon withdrawal of linezolid.

Statistical analyses

Continuous variables are presented as the mean + SD or median
according to the normality (Kolmogorov-Smirnov) test. To estimate
differences between variables, the chi-squared test and Student’s
t-test were used for categorical variables and continuous parametric
variables, respectively. Statistical analyses were undertaken using
Prism 8 (GraphPad, San Diego, United States). p < 0.05 was
considered significant.

Ethical statement

The study protocol was approved (2023-003) by the research ethics
commiittee of the University of South China. The requirement for
informed consent was waived because we collected data retrospectively.

Results
Patient characteristics

Eighty-eight tuberculosis patients with infection for whom the
plasma concentration of linezolid were monitored. 42 patients were
in the linezolid group and 46 cases in the linezolid + rifampicin group,
in which the C,,,x and C.,;, of linezolid were obtained for 57 and
31 cases, respectively. The characteristics of patients are displayed in
Tables 1, 2. Except for the platelet level at baseline before dosing, there
were no significant differences in the basic characteristics of patients and
reasons for using linezolid. The main reason for linezolid
administration was to counteract tuberculous and to counteract
tuberculosis and infection. Microbiological isolates were indentified
in 30.95% and 15.22% of patients in the linezolid group and linezolid
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+ rifampicin group, respectively, and Enterococcus faecium and M.
tuberculosis were the most prevalent pathogens in both groups.

Distribution of the plasma concentration of
linezolid

The times when the C,,,, and C,,,;, were monitored in the linezolid
and linezolid + rifampicin groups were different, and the results are
shown in Table 3. The monitoring time (median) of C,,,,y in linezolid
and linezolid + rifampicin groups was 6 days and 10 days respectively,
whereas the C,,;, was 5 days and 12.5 days, respectively. The median
values for the monitoring time of C.x and C,,;, were significantly
longer in the linezolid + rifampicin group than in the linezolid group,
but the mean values of C,,, and C,,, in the linezolid group were
significantly higher than those in the linezolid + rifampicin group
[(15.76 + 5.77) vs. (13.18 + 3.88) mg/L and (8.38 + 4.04) vs. (4.27 + 3.00)
mg/L]. Furthermore, there was a significant difference in the
distribution of C,;, values between the two groups. In the linezolid
group, 47.37% (9/19) of patients had a higher C,;,, whereas no patients
had a lower C,;,,. However, 16.67% (2/12) of patients in the linezolid +
rifampicin group had a higher C,;,,, whereas 25.00% (3/12) patients had
a lower Ci,. These results implied that the plasma concentration of
linezolid in the linezolid + rifampicin group was lower than those in the
linezolid group.

Efficacy and safety of linezolid

With respect to C,,ay, the proportion of hematological ADRs was
43.48% (10/23) and 44.12% (15/34) in the linezolid group and linezolid
+ rifampin group, respectively, and three patients in both groups
experienced reductions in the platelet count and WBC count. With
regard to C,, the proportion of hematological ADRs was 47.37% (9/
19) and 66.67% (8/12) in the linezolid group and linezolid + rifampin
group, respectively, whereas two patients in the linezolid group and
three patients in linezolid + rifampicin group experienced two
reductions in three blood indicators. Meanwhile, we found the same
clinical efficacy [73.81% (31/42)] in the linezolid group compared with
that in the linezolid + rifampicin group [73.91% (34/46)]. In general,
there was no significant difference in the prevalence of clinical efficacy
or ADRs between the two groups (Table 4).

Typical cases

When linezolid and rifampicin were used concurrently, two
patients exhibited a subtherapeutic plasma concentration of
linezolid. Subsequently, a significant increase in the plasma
concentration of linezolid was observed in two patients after
rifampicin was discontinued. Both cases are detailed below.

Case 1

A 34-year-old man was found to have M. tuberculosis DNA in
bronchoalveolar lavage fluid after testing in another hospital. Next-
generation sequencing revealed 215 sequences of M. tuberculosis
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TABLE 1 Characteristics of C,.x of linezolid in the two groups.

Linezolid group

10.3389/fphar.2023.1260535

Linezolid + rifampicin group

(n = 23)

Age, years 57.70 £ 16.92 49.24 + 20.55 0.108
Sex (Male/Female) 16/7 21/13 0.985
Albumin, g/L 29.65 + 6.94 31.50 + 5.33 0.261
TBIL, pmol/L 13.30 £ 12.58 10.41 + 7.80 0.288
Creatinine, umol/L 72.48 + 51.21 60.91 + 34.37 0311
eGFR, mL/min/1.73m” 103.35 £ 29.82 109.31 + 27.96 0.445
White blood cell (10°/L)* 9.20 + 541 9.68 £ 5.11 0.736
Neutrophil percent (%)* 80.03 + 13.67 80.46 + 10.20 0.890
Hemoglobin (g/L)* 95.17 + 22.59 102.74 + 19.66 0.185
Blood platelet (10°/L)* 250.48 + 91.70 284.12 + 130.63 0.290
Main Reasons for linezolid, n (%)

Anti-infection + Antituberculous 14 (60.87) 11 (32.36) 0.104
Antituberculous 6 (26.09) 20 (58.82) 0.052
Anti-infection 3 (13.04) 3 (8.82) 0.878
Pathogenic bacteria, n (%)

Mycobacterium tuberculosis 4 (17.39) 2 (5.88) 0.933
Enterococcus faecium 1 (4.35) 4 (11.76) 0.667
Enterococcus faecalis 1 (4.35) 0 (0) NA
Undefined diagnosis 17 (73.91) 28 (82.36) 0.745

“On the day of medication (or 3 days before medication); TBIL, total bilirubin; eGFR, estimated glomerular filtration rate.

complex. He was admitted to the Tuberculosis Department of
ACCH on 7 May 2022. He received anti-tuberculosis treatment
consisting of isoniazid injection (0.3 g, once daily (Qd)), rifampicin
injection (0.45 g, Qd), ethambutol tablets (0.75 g, Qd), pyrazinamide
tablets (1.5 g, Qd), and moxifloxacin injection (0.4 g, Qd). However,
due to limited improvement on 11 May, linezolid injection was
added (0.6 g, i.v,, Q12h). Nonetheless, the C,,,, of linezolid was
748 mg/L on 23 May, which fell below the recommended
therapeutic concentration range of 12-26 mg/L. Consequently,
the clinical pharmacist hypothesized that rifampicin may have
contributed to the reduction in the plasma concentration of
linezolid, and recommended discontinuation of rifampicin
injection. On the morning of 26 May, the C,,,, of linezolid was
30.13 mg/L.

Case 2

A 53-year-old man was transferred to the Tuberculosis
Department of ACCH on 22 September 2022 due to a diagnosis
of active pulmonary tuberculosis confirmed by positive results for
tuberculosis DNA and T-SPOT diagnosed at another hospital. He
received isoniazid injection (0.3 g, Qd), rifampicin injection (0.45 g,
Qd), and ethambutol tablets (0.75g, Qd) as anti-tuberculosis
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treatment, as well as meropenem injection (1.0g) every 6h
(Q6h), ornidazole injection (0.5 g, Q8h), and penicillin sodium
injection (4 million U, Q4h) to fight infection. On 26 September,
linezolid injection (0.6 g, i.v., QI12h) was added to cover Gram-
positive bacteria and M. tuberculosis. The C,;, for linezolid was only
0.40 mg/L on 29 September. The clinical pharmacist suggested that
the significantly low C,,;, for linezolid was related to co-treatment
with rifampicin, and recommended discontinuation of rifampicin.
Therefore, rifampicin injection was ceased on 1 October. On
4 October, the C,;, for linezolid was 0.85 mg/L. On 8 October,
the C,,;, for linezolid was 1.59 mg/L.

Discussion

This clinical study is the first retrospective analysis of
interactions between linezolid and rifampicin in Chinese patients.
Patients in the linezolid + rifampicin group exhibited significantly
lower plasma concentrations of linezolid (Cp,.x and Cy,;,) compared
with those in the linezolid group. The plasma concentration of
linezolid of two patients increased obviously after withdrawal of
rifampicin, and the plasma concentration of linezolid decreased by
~75% when linezolid was combined with rifampicin. Hoyo et al.
reported that in two patients, the C,;, for linezolid during
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TABLE 2 Characteristics of C,;, of linezolid in the two groups.

Linezolid group

10.3389/fphar.2023.1260535

Linezolid + rifampicin group

(n=19)
Age, years 62.21 £ 21.52 53.08 + 24.49 0.284
Sex (Male/Female) 15/4 9/3 0.968
Albumin, g/L 26.26 + 5.44 29.83 £ 6.53 0.111
TBIL, pmol/L 10.56 = 7.20 12.54 £ 11.33 0.557
Creatinine, umol/L 70.00 + 46.33 59.83 + 37.96 0.530
eGFR, mL/min/1.73m” 99.62 + 27.94 107.99 + 34.87 0.466
White blood cell (10°/L)* 12.24 + 7.66 13.60 £ 7.26 0.627
Neutrophil percent (%)* 83.81 + 10.10 83.86 + 9.03 0.989
Hemoglobin (g/L)* 91.21 + 16.64 102.00 + 22.14 0.133
Blood platelet (10°/L)* 22647 + 71.88 372.83 + 199.61 0.007%*
Main Reasons for linezolid, n (%)
Anti-infection + antituberculous 10 (52.63) 7 (58.33) 0.953
Antituberculous 6 (31.58) 5 (41.67) 0.849
Anti-infection 3 (15.79) 0 NA
Pathogenic bacteria, n (%)
Enterococcus faecium 4 (21.05) 1(8.33) 0.713
Mpycobacterium tuberculosis 1 (5.26) 0 (0) NA
Mycobacterium abscess 1 (5.26) 0 (0) NA
Staphylococcus haemolyticus 1 (5.26) 0 (0) NA
Undefined diagnosis 12 (63.16) 11 (91.67) 0.210

*p < 0.05; **, p < 0.01 #, On the day of medication (or 3 days before medication); TB, total bilirubin; GFR, glomerular filtration rate.

co-administration with rifampicin was reduced by >50% compared
to when rifampicin was discontinued (Hoyo et al., 2012). Ashizawa
et al. reported that a 79-year-old woman for whom rifampicin was
added had a significant decrease in the C,;, of linezolid (48.20%-
75.50%) compared with when linezolid was administered alone
(Ashizawa et al., 2016).

The distribution of plasma concentrations of linezolid exhibited
variations among patients in the linezolid and linezolid + rifampicin
group. Specifically, the proportion of patients with a high plasma
concentration of linezolid was greater in the linezolid group
compared with that in the linezolid + rifampicin group [23.81% (10/
42) vs. 4.35 (2/46)]. Conversely, the proportion of patients with a lower
plasma concentration of linezolid in the linezolid + rifampicin group was
greater than that in the linezolid group [30.43% (14/46) vs. 23.81% (10/
42)]. A 10-year retrospective study involving 1,049 patients who received
linezolid (0.6 g, Q12h) and including 2,484 C,,,;,, points was undertaken.
Results showed that 50.8% of C,;, values were within the reference
concentration range, and the prevalence of linezolid overexposure (33%)
was significantly higher than linezolid underexposure (16.2%) (Pea et al,,
2017). Studies have reported that linezolid overexposure was significantly
associated with advanced age and creatinine clearance rate (CrCl) <
40 mL/min, and linezolid underexposure to be significantly associated
with CrCl >100 mL/min (Cattaneo et al., 2016; Pea et al., 2017). There
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were no significant differences in age or the glomerular filtration rate
among patients in our study.

The mean value and distribution range of the plasma concentration
of linezolid varied between the linezolid group and linezolid +
rifampicin group, which were considered to be related to the
combination with rifampicin. Recent reports have indicated a
tendency toward a lower C,y, for linezolid in patients co-
administered linezolid and rifampicin (Pea et al., 2010; Morata et al,
2016). A study conducted in 2012 with 45 patients demonstrated that
the Cpin (3.71 vs. 1.37 mg/L) and AUC,, }, (212.77 vs. 123.33 mg/L h) of
patients receiving linezolid monotherapy were significantly higher than
those receiving linezolid in combination with rifampicin (Pea et al,
2010). Those reports considered rifampicin to be a P-glycoprotein
inducer that can accelerate the clearance and excretion of linezolid to a
certain extent. Rifampicin can induce drug-metabolism enzymes,
including robust expression of CYP3A4 in the liver and small
intestine, as well as expression of phase-2 drug-metabolism enzymes
and drug-transport proteins such as UDP-glucuronyltransferase,
sulfotransferase, P-glycoprotein, multi-drug resistance protein-2, and
organic anion-transporting  polypeptide.  Rifampicin
considerable impact on the pharmacokinetics of orally administered
drugs metabolized by CYP3A4 and transported by P-glycoprotein,
resulting in reduced drug concentrations after metabolism by

exerts a
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TABLE 3 Distribution of the plasma concentration of linezolid.

10.3389/fphar.2023.1260535

Cmax group Cmin group
Linezolid group  Linezolid + rifampicin Linezolid group  Linezolid + rifampicin
(n = 23) group (n = 34) (n=19) group (n = 12)
Linezolid plasma 15.76 £ 5.77 13.18 + 3.88 0.048* 8.38 + 4.04 4.27 + 3.00 0.005**
concentrations (mg/L)
Number of TDM (days) 6 (3-28) 10 (3-48) 0.057 5 (3-10) 12.5 (4-47) 0.001%*
median (IQR)
Length of treatment (days), 11 (4-67) 17 (5-62) 0.307 9 (5-31) 29 (8-62) 0.001**
median (IQR)
Plasma concentration 0.624 0.034*
distribution, n (%)
High concentration 1 (4.35) 0 (0) 9 (47.37) 2 (16.67)
Normal concentration 12 (52.17) 23 (67.65) 10 (52.63) 7 (58.33)
Low concentration 10 (43.48) 11 (32.35) 0 (0) 3 (25.00)
Co-treatment, n (%)
Omeprazole 2 (8.70) 15 (44.12) 0.084 5(26.32) 6 (50.00) 0.406
Amlodipine 2 (8.70) 6 (17.65) 0.453 3 (15.79) 3 (25.00) 0.818

*p < 0.05 %, p <001

TABLE 4 Evalution of efficacy and adverse drug reactions.

Cmax group p- Cmin group

value
Linezolid group  Linezolid + rifampicin Linezolid group  Linezolid + rifampicin
(n = 23) group (n = 34) (n=19) group (n = 12)
Clinical improvement, n (%) 15 (65.22) 26 (76.47) 0.650 16 (84.21) 8 (66.67) 0.523
ADRSs, n (%) 10 (43.48) 15 (44.12) 0.999 9 (47.37) 8 (66.67) 0.575
Thrombocytopenia, n (%) 9 (39.13) 15 (44.12) 0.932 7 (36.84) 7 (58.33) 0.504
Anaemia, n (%) 1 (4.35) 1(2.94) 0.900 2 (10.53) 2 (16.67) 0.845
White blood cell decline, n (%) 3 (13.04) 3 (8.82) 0.878 2 (10.53) 2 (16.67) 0.884
Peripheral neuropathy, n (%) 2 (8.70) 1(2.94) 0.672 0 (0) 0 (0) NA
Dose reduction or discontinuation 7 (30.43) 8 (23.53) 0.845 9 (47.37) 4 (33.33) 0.743
due to ADR, n (%)

*p < 0.05**, p < 0.01.

CYP3A4 and CYP2C (Niemi et al., 2003; Semvua et al., 2015). However,
the mechanisms of the interaction between linezolid and rifampicin
require further exploration.

Linezolid is not metabolized directly by CYP enzymes. However, the
optimal conditions for the formation of linezolid metabolites are alkaline
pH (9.0), suggesting involvement by an uncharacterized P450 enzyme or
an alternative microsomal-mediated oxidative pathway (Wynalda et al,,
2000). A study on the pharmacokinetics of linezolid in healthy people
showed that co-administration of linezolid and rifampicin resulted in an
earlier time for linezolid to reach the maximum concentration (T,.y):
0.24h. In addition, prior administration of rifampicin can increase
CYP3A activity in human hepatocytes, leading to a 1.3-1.6-times
increase in the metabolism of linezolid (Gandelman et al, 2011). In
2018, a prospective study showed that multiple administrations of
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rifampicin reduced the concentration of linezolid (p.o.) at normal
doses by an average of 65% (Hashimoto et al, 2018). Animal
experiments revealed that multiple administrations of rifampicin
resulted in reductions of 48%, 54%, and 48% in the AUC, C,., and
oral bioavailability, respectively. However, intestinal-permeability tests
conducted on rifampicin-pretreated rats and control rats indicated no
disparity in the absorption and secretion of linezolid across upper,
middle, and lower intestinal tissues. Those results indicate that the
primary cause for the interaction between linezolid and rifampicin may
be the first-pass effect exerted by the liver (Hashimoto et al,, 2018). One
study showed that rifampicin pretreatment of mice resulted in a
reduction in the blood concentration of linezolid and decrease in
AUC of ~30%, implying that rifampicin may inhibit the absorption
and accelerate the elimination of linezolid (Lampe et al., 2019).
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Studies have shown that a combination of linezolid and
rifampicin can reduce the prevalence of thrombocytopenia and
the hemoglobin level in patients (Legout et al., 2010). Reported
high-risk factors of linezolid-induced thrombocytopenia and
reduction in the hemoglobin level include low platelet count, low
body weight, low level of albumin, old age, longer duration of
medication, renal insufficiency, and C,,;, >8 mg/L (Chen et al,
2012; Lin et al., 2022). Duration of linezolid therapy >14 days and
renal insufficiency are independent high-risk factors of ADRs in the
blood system (Hirano et al., 2014; Hanai et al., 2016). In the present
study, there was no significant difference in the prevalence of
hematological ADRs between the two groups, which may have
been because of the significantly longer duration of linezolid use
in the linezolid + rifampin group compared with that in the linezolid
group. A report had demonstrated a significantly higher prevalence
of Cppin >10 mg/L for linezolid when linezolid was combined with
P-glycoprotein inhibitors such as omeprazole, amiodarone, or
amlodipine (Pea et al, 2010), but this phenomenon was not
observed in our study.

The main limitation of our study was the small study cohort
(especially C,yin), which limited the robustness of statistical analyses
between the two groups. In a follow-up study, we will utilize a larger
study cohort to confirm our findings.

Conclusion

The plasma concentration of linezolid in the linezolid +
rifampicin group was significantly lower than that in the
linezolid group. In two patients, co-administration of rifampicin
resulted in a 75% reduction in the plasma concentration of linezolid.
However the total therapeutic efficiency and prevalence of
hematologic ADRs were not significantly different in the linezolid
group and linezolid + rifampin group. TDM was shown to be an
important tool for evaluating the efficacy and safety of long-term
treatment with linezolid combined with rifampicin in patients
suffering from tuberculosis and infection. This study may
improve understanding of the interactions between linezolid and
rifampicin.
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Introduction: For assessing drug safety using spontaneous reporting system
databases, quantitative measurements, such as proportional reporting rate (PRR)
and reporting odds ratio (ROR), are widely employed to assess the relationship
between a drug and a suspected adverse drug reaction (ADR). The databases
contain numerous ADRs, and the quantitative measurements need to be
calculated by performing the analysis multiple times for each ADR. We
proposed a novel, simple, and easy-to-implement method to estimate the
PRR and ROR of multiple ADRs in a single analysis using a generalized mixed-
effects model for signal detection.

Methods: The proposed method simultaneously analyzed the association
between any drug and numerous ADRs, as well as estimated the PRR and
ROR for a specific combination of drugs and suspected ADRs. Furthermore,
the proposed method was applied to detect drug-drug interactions associated
with the concurrent use of two or more drugs.

Results and discussion: In our simulation studies, the false-positive rate and
sensitivity of the proposed method were similar to those of the traditional PRR
and ROR. The proposed method detected known ADRs when applied to the Food
and Drug Administration Adverse Event Reporting System database. As an
important advantage, the proposed method allowed the simultaneous
evaluation of several ADRs using multiple drugs.

KEYWORDS

database, drug-drug interaction, proportional reporting rate, reporting odds ratio,
signal detection

Abbreviations: ADR, adverse drug reaction; BCPNN, Bayesian confidence propagation neural network;
Cl, confidence interval; DDI, drug-drug interaction; FAERS, FDA adverse event reporting system; FDA,
food and drug administration; MedDRA, medical dictionary for regulatory activity; MGPS, multi-item
gamma poisson shrinker; PRR, proportional reporting rate; ROR, reporting odds ratio; SGLT2, sodium
glucose-linked transporter 2; SOC, system organ class.
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1 Introduction

During the clinical development of new drugs, collecting
sufficient information on drug safety poses a considerable
challenge. Hence, spontaneous reporting systems are crucial
sources for post-marketing drug safety surveillance. Importantly,
these systems are commonly used to detect suspected adverse drug
reactions (ADRs) and generate potential ADRs in real-world
settings. Since the 1960s, regulatory authorities such as the US
Food and Drug Administration (FDA) have established databases
for spontaneous reporting.

When assessing drug safety using spontaneous reporting system
databases, quantitative signal detection methods can be valuable for
identifying the relationship between a drug and suspected ADR,
given the considerable amount of data obtained. This data mining
approach is crucial for the early detection of safety signals and for
generating hypotheses regarding new ADRs. Several methods,
including the proportional reporting rate (PRR) (Evans et al,
2001), reporting odds ratio (ROR) (Rothman et al, 2004),
Bayesian confidence propagation neural network (BCPNN) (Bate
et al, 1998), and multi-item gamma Poisson shrinker (MGPS)
(DuMouchel, 1999), have been proposed and employed by
These methods
typically assess disproportionality in the observed and expected
numbers of counts for specific combinations of a drug and
suspected ADRs. Thus, if the ratio of the observed count to the
expected count (henceforth, the O/E ratio) estimated using these

regulatory authorities for signal detection.

methods is far from 1, it is considered a signal. Although the
performance of these methods has been extensively evaluated and
compared (van Puijenbroek et al., 2002; Kubota et al, 2004;
Almenoft et al., 2006; Matsushita et al., 2007; Hochberg et al.,
2009; Ahmed et al., 2010; Bunchuailua et al.,, 2010; Chen et al.,
2015), no gold standard method has been established worldwide.
Unlike the BCPNN and MGPS, the PRR and ROR are easy to
calculate and interpret. The PRR is a simple risk ratio (or relative
risk), while the ROR is a simple odds ratio derived from a 2 x
2 contingency table (Table 1), with both measurements closely
related to statistical models occasionally used for signal detection.
Considering Poisson regression models, the parameter estimates in
the model yield the PRR, which is the reporting ratio of drug use to
non-use. Likewise, the ROR can be estimated using a logistic
regression model. In particular, these models help assess drug-
drug interactions (DDIs) during the concurrent administration of
two or more drugs (Thakrar et al., 2007). By including a statistical
interaction term in the model, the presence of DDIs can be evaluated
using a spontaneous reporting system (van Puijenbroek et al., 1999;
van Puijenbroek et al, 2000). Importantly, these modeling
approaches can detect only one ADR, and multiple models need

10.3389/fphar.2024.1312803

to be constructed for each ADR to estimate the PRR and ROR of
various ADRs. For example, to evaluate 100 types of ADRs,
100 regression models must be constructed with each ADR as a
response variable.

As another approach for detecting DDIs, Norén et al. (2008)
proposed a criterion using the O/E ratio of the number of reports for
the ADR for a combination of two drugs. Gosho et al. (2017) also
proposed a criterion based on chi-square test statistics to measure
the discrepancy between the observed and expected number of
reports. Although these methods have been effectively reviewed
and compared (Noguchi et al, 2019; Noguchi et al., 2020), the
detection of DDIs between three or more drugs is not possible.
Moreover, similar to the analysis using regression models, the
methods can detect only one ADR, and multiple analyses are
required to assess each ADR.

In the present study, we propose a novel, simple, and easy-to-
implement method using Poisson and logistic mixed-effect models
for signal detection. The proposed method could simultaneously
analyze the relationship between any drug and numerous ADRs and
estimate the PRR and ROR for a specific combination of drugs and
suspected ADRs. Furthermore, the proposed method could be
applied to detect DDIs during the concurrent administration of
two or more drugs. We also provide a sample SAS code for
implementing the proposed method.

2 Methodology

2.1 Notation

Spontaneous reporting systems include multiple drugs and
ADRs in each report. This information can be summarized in a
2 x 2 contingency table, as shown in Table 1. We used I drugs and J
ADRs. Here, n;; is the number of events reported for the i th drug
(i=1,...,])and jth ADR (j =1,...,]); ;. is the total number of
events reported with the target drug i; n; is the total number of
events reported with specific ADR j; n indicates the total number of
ADRs reported with any drug; p;; is the incidence probability for the
j th ADR with the i th drug. Let i~ denote all other drugs except the
target drug i.

2.2 Standard strategy and signal
detection methods

Typically, signal detection is used to assess disproportionality in
the observed number of counts, #;j, and the expected number of
counts, E;j, for a specific combination of drug i and ADR j. E;; =

TABLE 1 Two-by-two contingency table for summarizing the specific ADR reported in the target drug.

Number of events (incidence probability for j th ADR)

Target drug, i
All others, i~
Total

ADR, adverse drug reaction.
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Specific ADR j All others
nij (pij) ni. — nij i
‘ nj —ny; (pi-j) n-n. —n;+n; n—mn;.
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TABLE 2 ADRs detected with three or more kinds of SGLT2 inhibitors, and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 1 (single drug).

Detected ADR

SGLT2 inhibitors

Canagliflozin
(n,-, = 33)

Empagliflozin
(ni. = 36966)

Metabolism and nutrition disorders in system organ class

Ipragliflozin
(n,: = 553)

Dapagliflozin
(n;. = 14054)

Tofogliflozin
(n,; =147)

Luseogliflozin
(n,-, = 133)

Ertugliflozin
(n,: 759)

Hypoglycemia 7.35 4.18 8.55 10.23 1.61 0.52 2.50
Diabetic ketoacidosis 75.67 - 10.77 118.63 18.05 5.65 30.58
Euglycemic diabetic ketoacidosis | 140.42 393.33 10.06 236.20 82.39 21.65 52.34
Ketoacidosis 76.20 131.99 32.16 171.53 2.88 3.19 17.90
Diabetic ketosis 14.97 3991 16.05 189.73 - 226.11 -
Ketosis 127.62 74.74 22.47 217.34 24.72 - 49.15
Dehydration 3.17 3.71 4.04 3.95 5.23 0.18 0.98
Polydipsia 7.78 10.90 - 6.22 - - -
Diabetes mellitus 6.35 2.34 7.56 3.05 4.00 1.05 0.06
Type 1 diabetes mellitus 0.15 1.40 1.00 3.47 3.75 - -
Type 2 diabetes mellitus 14.01 118 1.42 1.82 0.53 - 0.35
Diabetes mellitus inadequate 13.05 6.90 20.31 18.71 28.29 13.81 5.37
control

Hyperglycemia 17.07 5.64 4.40 13.85 14.06 9.57 1.20
Insulin resistance - 4.37 - 191 9.90 - -
Diabetic metabolic - 10.88 - 53.40 - - 55.74
decompensation

Acetonemia 38.53 75.23 - 51.36 - - -
Acidosis 8.46 9.47 2.84 6.99 - - -
Decreased appetite 0.79 1.42 1.46 1.33 1.15 2.95 0.29
Dyslipidemia 5.58 1.08 - 5.65 - - -
Fluid intake reduced 1.11 1.66 - 3.87 4.46 - -
Hyperglycemic hyperosmolar 5.43 13.97 19.85 38.27 - - -
nonketotic syndrome

Hyperkalemia 1.97 2.65 1.73 5.86 0.64 - 0.43
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TABLE 2 (Continued) ADRs detected with three or more kinds of SGLT2 inhibitors, and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 1 (single drug).

Detected ADR

SGLT2 inhibitors

Canagliflozin

Empagliflozin

Ipragliflozin

Dapagliflozin

Tofogliflozin

Luseogliflozin

Ertugliflozin

(ni. = 3933) (ni. = 36966) (n;. = 553) (n;. = 14054) (n;. = 147) (n;. = 133) (n;. = 759)
Hyperlipidemia 0.55 1.93 - 2.05 2.23 8.36 -
Hypernatremia 5.17 3.27 - 11.06 - - 0.88
Hypertriglyceridemia 3.87 1.41 3.45 1.27 - - -
Hyperuricemia 1.67 1.16 21.30 7.64 - - -
Hypokalemia 1.61 1.09 0.80 1.79 - - 0.31
Hypophagia 2.30 2.36 0.21 1.24 - - -
Hypovolemia 7.67 11.50 - 6.91 - - 0.90
Obesity 1.49 0.88 3.38 3.39 1.25 - 0.84
Starvation 1.23 2.88 - 6.14 - - -
ADRs recognized in the package insert of SGLT2 inhibitors
Coronary artery stenosis 7.02 3.23 5.33 14.71 5.87 - -
Cerebral infarction 19.66 2.74 24.66 8.60 8.84 6.27 -
Thrombotic cerebral infarction 1.75 5.82 78.94 38.16 - 49.76 -
Embolic cerebral infarction 1.07 1.57 7.39 1.01 - - -
Cerebellar infarction 5.43 1.54 3.79 4.06 - - -
Lacunar infarction 7.76 3.50 3.02 7.96 - 42.40 2.30
Brain stem infarction 5.68 1.68 6.12 13.76 - - -
Carotid artery stenosis 9.79 2.36 - 2.34 - 9.05 -
Ketonuria 72.99 86.02 - 211.69 - - 17.74
Nocturia 3.06 2.83 0.43 1.38 - - 0.32
Polyuria 13.18 8.70 0.65 19.31 - - 3.13
Balanoposthitis 28.25 45.10 - 70.31 - - 4.77
Pruritus genital 14.46 25.45 9.53 36.46 10.50 - 2.14
Vulvovaginal pruritus 0.98 14.40 - 7.15 - - 2.65
Genital discomfort - 19.05 - 17.82 - - 46.07
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TABLE 2 (Continued) ADRs detected with three or more kinds of SGLT2 inhibitors, and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 1 (single drug).

Detected ADR

SGLT?2 inhibitors

Canagliflozin Empagliflozin Ipragliflozin Dapagliflozin Tofogliflozin Luseogliflozin Ertugliflozin
(ni. = 3933) (ni. = 36966) (n;. = 553) (n;. = 14054) (ni. = 147) (ni. = 133) (n;. = 759)

Penile erythema 2.05 20.82 - 3.70 - - 10.71
Penile pain 5.33 2.73 - 2.60 - - -
Scrotal swelling 2.99 5.74 - 1.61 - - -
Vulvovaginal erythema - 4.63 - 3.34 - - 15.02
Vulvovaginal swelling 0.39 2.90 - 1.50 - - 6.75
Pyelonephritis 6.73 3.50 5.88 8.55 7.39 8.16 1.46
Pyelonephritis acute 20.63 3.21 - 14.17 9.69 - -
Emphysematous pyelonephritis 12.83 99.69 89.65 1.09 - 371.02 -
Sepsis 1.29 2.22 0.68 2.09 1.19 0.20 0.80
Septic shock 1.44 1.51 - 221 0.50 - 0.33
Fournier’s gangrene 55.03 249.97 - 59.85 - - 71.49
Gangrene 4.53 7.10 - 5.56 - - 6.54
Necrotizing fasciitis 5.33 24.27 - 22.61 - - 4.20
Necrotizing soft tissue infection | 9.74 28.54 - 2.75 - - 50.33
Diabetic gangrene 96.42 3.43 - 6.53 - - -
Thirst 4.00 8.64 1.99 6.26 - - 6.04
Amputation 28.07 5.69 - 2.39 - - -
Foot amputation 6.43 7.02 - 593 - - 8.13
Leg amputation 6.05 5.65 - 3.55 - - -

Toe amputation 10.72 9.57 - 8.26 - - 2.18

ADR, adverse drug reaction; CI, confidence interval; ROR, reporting odds ratio; SGLT2, sodium glucose-linked transporter 2.
- not reported; bold, detected ADR; #;., the number of the target drug i reported.
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Detected ADR

Concomitant use of glimepiride and

Canagliflozin
(n,','h = 467)

Metabolism and nutrition disorders

Empagliflozin
(n,-,-/_ = 1346)

Ipragliflozin
(n,','h = 116)

Dapagliflozin
(n,','h = 780)

Tofogliflozin
(n,','/. = 26)

TABLE 3 ADRs detected with two or more kinds of SGLT2 inhibitors with glimepiride and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 2 (DDlIs).

Luseogliflozin
(n”,_ = 20)

Ertugliflozin
(n,','t = 34)

Hypoglycemia 9.78 3.67 8.40 - - 1.45 -
Diabetic ketoacidosis 31.63 - 5.62 - - - 1.40
Euglycemic diabetic 70.15 - 3.69 86.16 - - -
ketoacidosis

Ketoacidosis 24.65 15.48 - 39.40 - - 30.90
Diabetic ketosis - 22.14 - 84.30 - - -
Ketosis 145.37 105.86 - 17.17 56.46 - -
Abnormal loss of weight - 10.64 - 10.87 - - -
Dehydration 5.07 - 0.52 4.58 - 0.46 0.28
Diabetes mellitus 0.52 2.89 0.93 2.44 0.63 - -
Type 2 diabetes mellitus 0.46 2.06 - 2.62 - - -
Diabetes mellitus inadequate | 6.98 12.37 0.79 28.45 - 3.66 2.24
control

Diabetic metabolic - 0.85 - 261.80 - - 459.27
decompensation

Hyperglycemia 1.82 4.89 - - 1.37 1.78 -
Hypercholesterolemia - 6.58 - 1.46 - - -
Hyperuricemia - 6.49 14.61 - - - -
Increased appetite 1.06 0.09 - 2.16 - - -
Lactic acidosis 0.64 1.76 2.40 21.13 1.61 2.10 -
Metabolic acidosis 4.91 - - 1.28 - - -
Obesity - 1.30 - 1.38 - - -
Cardiac disorders

Coronary artery disease 0.16 1.25 - 2.13 - - 1.50
Coronary artery occlusion - 1.21 - 3.29 - - -
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TABLE 3 (Continued) ADRs detected with two or more kinds of SGLT2 inhibitors with glimepiride and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 2 (DDls).

Detected ADR Concomitant use of glimepiride and
Canagliflozin Empagliflozin Ipragliflozin Dapagliflozin Tofogliflozin Luseogliflozin Ertugliflozin
(nj. = 467) (n;. = 1346) (n;. = 116) (n;». = 780) (nj». = 26) (n;. = 20) (nj. = 34)

Coronary artery stenosis 49.45 3.89 3.70 3.21 - - -

Acute myocardial infarction | 5.26 7.37 - 8.11 - - 1.35

Angina pectoris 5.22 7.76 0.47 3.12 - - -

Angina unstable 0.67 1.15 - 1.93 - - -

Atrial fibrillation 4.42 0.82 0.69 1.41 - - -

Cardiac failure 3.33 1.30 0.16 1.52 8.11 - -

Myocardial infarction 1.64 1.85 0.42 1.22 - - -

Myocardial ischemia 3.83 3.08 1.31 0.24 - - -

Ventricular extrasystoles 4.73 3.81 - - - - -

Ventricular fibrillation - 13.08 - 4.18 - - -

Tricuspid valve - 2.30 - 3.92 - - -

incompetence

Nervous system disorders

Cerebral infarction 34.52 10.56 2.88 - - 15.73 -
Cerebellar infarction 12.36 9.24 8.84 - - - -
Lacunar infarction - 0.84 - 12.79 - 207.12 -
Brain stem infarction - 7.33 14.41 41.61 - - -
Diabetic neuropathy - 1.52 - 8.46 - - -
Altered state of 0.19 2.45 17.03 5.06 - - -
consciousness

Cervicobrachial syndrome 79.17 13.67 - - - - -

Renal and urinary disorders

Ketonuria - 35.49 - 37.32 - - -
Nocturia 1.38 1.04 - 0.84 - - -
Pollakiuria 2.58 - - 1.94 - - -
Polyuria 4.49 6.01 - 16.92 - - -

(Continued on following page)

99

‘e 1@ oyson

£082TST 202 1eydy/685< 0T


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1312803

ABojodeweyd ul sianuol4

[SSIRVFETM IS

Detected ADR

Concomitant use of glimepiride and

Canagliflozin

Empagliflozin

Ipragliflozin

Dapagliflozin

Tofogliflozin

Luseogliflozin

TABLE 3 (Continued) ADRs detected with two or more kinds of SGLT2 inhibitors with glimepiride and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 2 (DDls).

Ertugliflozin

(nji. = 467) (n;i. = 1346) (n;. = 116) (n;». = 780) (nj». = 26) (n;. = 20) (nj. = 34)
Renal impairment 6.84 2.19 2.66 1.75 - - -
Acute kidney injury 1.35 - 2.07 2.27 0.21 - 0.99
Nephropathy 1.32 1.58 - - - - -
Renal failure 1.07 1.01 0.08 0.23 - - 0.23
Dysuria 0.47 2.12 - 2.67 - - -
Hematuria - 1.30 0.34 1.78 - - -
Urinary incontinence 1.27 0.73 - 1.75 - - -
Urinary retention 5.24 0.20 - 6.05 - - -
Reproductive system and breast disorders
Balanoposthitis 444 17.71 - 13.76 - - -
Pruritus genital - 16.72 - 19.61 23.53 - -
Vulvovaginal pruritus 0.73 7.91 - 2.12 - - -
Testicular pain 1.20 2.07 - 38.05 - - -
Benign prostatic hyperplasia | 6.47 1.12 - 0.41 - - -
Infections and infestations
Pyelonephritis 1.89 0.69 7.17 5.50 4.82 - -
Pyelonephritis acute 8.58 6.41 - 49.32 21.72 - -
Sepsis 0.76 1.64 - 1.57 - - 0.32
Septic shock 3.42 0.52 - 2.48 1.10 - -
Escherichia sepsis - - 85.55 3.88 - - -
Fournier’s gangrene 1.52 93.96 - 21.73 - - -
Gangrene - - - 8.33 - - 35.25
Necrotizing fasciitis 1.17 2.14 - 11.50 - - -
Scrotal abscess - 16.64 - 26.23 - - -
Fungal infection - 8.85 - 0.30 - - 13.78
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TABLE 3 (Continued) ADRs detected with two or more kinds of SGLT2 inhibitors with glimepiride and the lower limit of 95% CI for ROR calculated using the proposed model in Scenario 2 (DDIs).

Concomitant use of glimepiride and

Detected ADR

Ertugliflozin
(nii’» = 34)

Luseogliflozin

(nii’- = 20)

Tofogliflozin
(n,-,-/, = 26)

=
N
9
=
()}
I
Qo
©
o

(n”/, = 780)

116)

Ipragliflozin

(nir.

1346)

Empagliflozin

(njp.

Canagliflozin
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0.09 0.78 4.14

5.24

Gastroenteritis

6.38

2.44

Pneumonia aspiration

Surgical and medical procedures

2.70

1.63

‘ 4.43

Leg amputation

ADR, adverse drug reaction; CI, confidence interval; DDI, drug-drug interaction; ROR, reporting odds ratio; SGLT2, sodium glucose-linked transporter 2.

- not reported; bold, detected ADR; ;., the number of the combined uses of drug i and drug i’ reported.

10.3389/fphar.2024.1312803

mnj/n is defined as the expected number of counts under the null
hypothesis, with no association between the i th drug and the j th
ADR. O/E ratios were evaluated using several methods. The direct
estimator of the O/E ratio is the relative reporting ratio, defined as:

nij/ni ;j

nj/n E;;

The PRR was calculated as the ratio of the proportion of the
ADR j reported with drug i to the proportion of the same ADR
reported with all other drugs combined:

nij/f’l,‘
(nj_nij)/(n_ni) .

The PRR can be interpreted as a measure of the reporting rate,
with and without target drug i. In addition, PRR is considered an
approximation of the relative reporting ratio, given that ;; < n; and
n; < n in almost cases. If PRR = 1, the absence of an association
between the i th drug and the j th ADR can be assumed.

The ROR was calculated as the ratio of the odds for ADR j
reported with drug i to the odds that the same ADR was reported
with all other drugs combined, as follows:

/() o

(nj - n,-j)/(n -1 —nj+ n,-j)

If the lower limit of the 95% confidence interval (CI) for PRR
is greater than 1, the relationship between the target drug and
specific ADR was detected as a signal; the same was applied
to ROR in Eq. 2.

2.3 Poisson mixed-effect model and PRR

We assumed that the random variable #;; follows a Poisson
distribution, expressed as #;; ~ Poisson (n;p;;), where p;; is the
incidence probability of ADR j when drug i is used (Table 1). The
probability function is expressed as

exp(~A;; )4,

Pr(nij | Az]) = ]

i =0,1,2,. ..
nij:

Here, A;; was defined as the mean (expected) value of n;;.
Accordingly, A;; = n;p;;. The relationship between mean value \;;
and covariate x; is generally modeled using a natural log link
function, as follows:

In(A;j) = By + Bixi ®3)

where f3; is the unknown regression parameter for drugi. We aimed to
evaluate all ADRs (j = 1,. .., ) when drug i is used. Considering that
x; denotes the binary indicator for drug i, x; = 1 if the use of drug i is
reported, and x; = 0 if the use of other drugs (excluding the i th drug)
is reported. In this model, 3; can be interpreted as the marginal effect
of all ADRs using drug i compared to the use of other drugs. Thus, f3;
is a common effect that does not specify ADRs. Furthermore, exp (f3;)
is the PRR for drug i that is not ADR specific. However, this
interpretation of B, must be oversimplified and cannot detect the
signal of a specific ADR.
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TABLE 4 Four-by-two contingency table summarizing the specific ADR reported with the target drugs for evaluating DDIs.

Number of events (incidence probability for j th ADR) Specific ADR j All others
Neither drug 1 nor drug 2 oo (Poo) 10, 000, 000 — 19 10, 000, 000

Only drug 1 110 (P1o) 100, 000 — 125 100, 000
Only drug 2 o1 (po1) 100, 000 — 719y 100, 000

drug 1 and drug 2 n (pur) 10,000 — 1y, 10,000

ADR, adverse drug reaction; DDIs, drug-drug interactions.
Absence of DDI Presence of DDI

Scenario 1-1 Scenario 2-1

Scenario 1-2 Scenario 2-2

Scenario 1-3 Scenario 2-3
s Dl DZ Dl & Dz - Dl D2 Dl & DZ

() (i) (i) (i)

FIGURE 1

(i) () (i) (i)

Simulation scenarios and settings. The height of bars correspond to the incidence probability of ADR A (i) in the absence of both D; and Dy; (i) with Dy

but not Dy; (iii) with D, but not Dy; (iv) with D; and D,. The shades correspond to the marginal relative probability of ADR A (lightest), the increased
frequency attributable to Dy, the increased frequency attributable to D,, and the increased incidence probability attributable to an interaction between Dy
and D, (darkest). The darkest bars indicate the DDI effect. ADR, adverse drug reaction; DDI, drug-drug interaction.

Next, to assess a specific ADR, we included a random effect in
Eq. 3, with the linear predictor 7;; expressed as follows:

M = ln(/\ij) =, +by + (ﬂ, + bj)x,» (4)

where by and b; are random effects for the interceptand j th ADR,
respectively, assumed to follow normal distributions,
by ~N(0,y,) and bj~ N(O,yj). Here, y, and y; are the
variances of the random effects. Eq. 4, known as the Poisson
mixed-effect model, was used to estimate the mean value A;; for
each drug and each ADR.

Based on Eq. 4, the linear predictor for each x; was

Frontiers in Pharmacology

N _ B tbotBi+by xi=1
ln(/\u) = {ﬁo+b0> X =0

Thus, the PRR of ADR j for drug i is
PRRij = exp(ﬁi + b])

Using Eq. 4, we simultaneously estimated the PRRs of all ADRs
(ie., any j) for drug i.

Extending Eq. 4 allowed the simultaneous evaluation effects
mediated by multiple drugs; for example, consider a DDI in which
two drugs (i and i') are administered simultaneously. In this case, the
linear predictor in Eq. 4 is expressed as follows:
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TABLE 5 Simulation results in Scenarios 1 and 2 with single-dose settings (the number of ADR types = 100).

p1-j (%) Proposed method Traditional method

PRR ROR PRR ROR

False-positive rate

0.05 0.05 3.27 3.27 3.27 3.27
0.1 0.1 2.04 2.04 2.05 2.05
0.2 0.2 2.78 2.79 2.80 2.80

0.05 0.05 2.56 2.56 2.59 2.59
0.1 0.1 2.56 2.56 2.57 2.57
0.2 0.2 2.58 2.59 2.60 2.60

Sensitivity
0.05 0.075 23.6 23.6 23.6 23.6
0.1 56.5 56.5 56.5 56.5
0.125 80.2 80.2 80.2 80.2
0.1 0.15 35.1 35.1 35.2 35.1
0.2 784 784 784 78.4
0.25 95.6 95.6 95.6 95.6

ADR, adverse drug reaction; DDIs, drug-drug interactions; PRR, proportional reporting rate; ROR, reporting odds ratio.

ln( Aii,].) = By +bo + Bixi + Puxy + Pxixy + bijx; + by jxi + by xixy 1993). The PRR and its 95% CI were estimated using the estimation

of B, and b;j, B; and b;; and their variance estimates via pseudo-
where x; = 1 if drug i was used, x; = 0 otherwise, xy = 1 if drug i likelihood theory. Stroup (2013) provides a more detailed
was used, and x; = 0 otherwise. B, By, and B, are unknown explanation regarding the theory of generalized mixed-effect
models, such as Poisson and logistic mixed-effect models. If the
are random effects for intercepts, xi, Xy, and x;x;, lower limit of the 95% CI for the PRR was >1, the relationship
bi; ~ N (0, ,), between the target drug and the specific event was detected as

a signal.

regression parameters for x;, xy, and x;x;, respectively; by, bij,
bi’j’ and bii'j
respectively.  Assuming that by ~ N (0, y,),
by i~ N(0,yy), and by; ~ N(0,y;,), each linear predictor can be

calculated as follows: Y The simple PRR in Eq. 1 cannot be applied for signal detection

B, + bo, x;=0andx;, =0  When n;; =0, given that the 95% CI for PRR in Eq. 1 cannot be
) ( 1 ) By +bo + B, + bij, x;=1landx; =0 estimated when 7;; = 0. However, the proposed method could provide
n\Ajj) = . .
] By +bo + B +byj, x;=0andxy =1 a 95% CI for the PRR estimated using Eq. 4 even when n;; = 0.

By +bo+ B+ Py + By +bij +byj +byj, xi=1landxy =1

i

Thus, the PRRs of ADR j for drugs i and i’ and the combined use 2.4 Logistic mixed-effect model and ROR
of drugs i and i’ are as follows:

PRR,, = exp( B+ bij)) PRR,; = exp( B+ bi,j), The modc?lu.lg strategles descrll?ed in Section 2.3 can be easily
applied to logistic regression analysis. We assumed that the random
and PRR;/; = exp(ﬁ it t bii’j)’ variable #;; follows the binomial distribution n;; ~ Bin (r;, pij). As

) . . . described in Section 2.3., the logistic mixed-effects model can be
Here, PRR;; is the PRR of ADR j for drug i, PRR;; is the PRR of
ADR j for drug i, and PRR;y; is the PRR of ADR j under the
concomitant use of drugs i and i'. The proposed method could allow

expressed as follows:

Dij

= In———=B+by+(f; +b;)x; 5
the detection of DDIs during the concurrent use of two or more i 1 - pjj Potbu (ﬁ’ ! ) ' )
drugs, as it allows for flexible modeling by including a statistical
interaction term. The proposed method is based on a multiplicative

model for DDI, whereas the criteria for detecting DDIs established a5 follows:

Using Eq. 5, the linear predictor for each x; can be calculated

by Norén et al. (2008) and Gosho et al. (2017) are based on an | Py [Bo+bo+Bi+bj xi=1

additive model for DDI (Thakrar et al., 2007). Nz i "1 By +bos x =0
The fixed and random effects in Eqs 3, 4 were estimated using

the restricted pseudo-likelihood method (Wolfinger and O’Connell, Thus, the ROR of ADR j for drug i is
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TABLE 6 Simulation results in Scenarios 1 and 2 with DDI settings (the number of ADR types = 100).

Poo (%)

Scenario p1o (%) po1 (%)

Scenario 1: false-positive rate (%)

P11 (%) Proposed method Existing method

PRR ROR PRR ROR

1-1 0.05 0.05 0.05 0.05 5.29 5.30 5.29 5.34
0.1 0.1 0.1 0.1 3.86 3.87 3.96 4.03
0.25 0.25 0.25 0.25 3.25 3.27 3.37 348
1-2 0.025 0.025 0.05 0.05 4.53 4.54 4.52 4.55
0.05 0.05 0.1 0.1 3.48 3.48 3.59 3.64
0.1 0.1 0.25 0.25 3.01 3.11 3.12 3.18
1-3 0.01 0.025 0.025 0.0625 3.35 3.35 3.30 3.33
0.025 0.05 0.05 0.1 3.25 3.26 3.33 3.35
0.05 0.1 0.1 0.2 3.04 3.06 3.13 3.17

Scenario 2: sensitivity (%)
2-1 0.025 0.025 0.025 0.05 36.7 36.7 36.5 36.6
0.05 0.05 0.05 0.1 53.9 53.9 54.1 54.3
0.1 0.1 0.1 0.2 75.9 76.0 76.1 76.2
2-2 0.01 0.01 0.025 0.05 27.3 27.3 27.2 27.3
0.025 0.025 0.05 0.1 48.0 48.1 47.7 47.9
0.05 0.05 0.1 0.2 70.5 70.5 70.9 71.1
2-3 0.01 0.015 0.015 0.045 28.0 28.0 28.0 28.0
0.02 0.03 0.03 0.09 45.1 452 44.9 45.0
0.04 0.06 0.06 0.18 67.1 67.2 67.4 67.6

ADR, adverse drug reaction; DDIs, drug-drug interactions; PRR, proportional reporting rate; ROR, reporting odds ratio.
Simulation Scenario 1 (absence of DDI): 1-1, poo = p1o = por = P13 1-2, poo = Pro < Por = pu1s 1-3 poo < pro = po1 < pui-
Simulation Scenario 2 (presence of DDI): 2-1, poo = P10 = po1 < P11 2-2, Poo = P10 < Po1 < P115 2-3, Poo < P10 = Po1 < P11

ROR,] = exp(ﬂi + b])

Based on Eq. 5, we could simultaneously estimate the RORs of all
ADRs (i.e., any j) for drug i.

Using the method described in Section 2.3, Eq. 5 was used to
simultaneously evaluate the effects of multiple drugs. For example,
consider a DDI in which two drugs are administered simultaneously.
The linear predictor in Eq. 5 is expressed as follows:

lnlp% = ﬂO + bo + ,Bix,- + ﬁirx," + ﬁ,.i,x,-x;l + b,-jx,- + b,"jxi’

— Pii'j
+ b,’,"jxl'x,"

Thus, the RORs of ADR j for drugs i and i’ and the combined
use of drugs i and i’ are as follows:

ROR,J = exp(ﬁi + bij)) ROR,"]' = exp(ﬁi, + b,"j),

and ROR,',"j = exp(ﬂii, + bii'j)'
ROR;; is the ROR of ADR j for drug i, RORy; is the ROR of ADR j
for drugi’, and ROR;; is the ROR of ADR j during the concomitant
use of drugs i and i'. If the lower limit of the 95% ClI for the PRR was
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>1, the relationship between the target drug and the specific event
was detected as a signal.

If p;j is small, the ROR well-approximated the PRR. Given that
pij is usually small in signal detection analyses, ROR and PRR did
not differ significantly in almost all cases.

3 Application

We analyzed the FDA Adverse Event Reporting System
(FAERS), a well-known database comprising adverse event
reports designed to support the FDA’s post-marketing drug
safety surveillance program. FAERS includes seven data files:
demographics (e.g., sex and age), drugs (e.g., drug name and
route of drug administration), reaction (e.g., terms of an
adverse event), outcome (patient outcome), report source
(code for the source of the report), therapy date (e.g., the
date on which the therapy was started and stopped), and
indications for use. Adverse events are determined using the
Medical Dictionary for Regulatory Activities (MedDRA) as the
preferred term.
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Recently, sodium glucose-linked transporter 2 (SGLT2) inhibitors,
a class of oral antidiabetic drugs, have been widely used to treat type
2 diabetes. The FDA approved canagliflozin as the first SGLT2 inhibitor
for treating type 2 diabetes in 2013 (Mosley et al., 2015). Since then, six
SGLT2 inhibitors have been approved in the US and Japan. The
proposed logistic mixed-effect and Poisson mixed-effect models
were applied to the signal detection analysis of these
SGLT2 inhibitors for potential ADRs in two scenarios: 1) signal
detection for one drug and 2) DDIs following the concomitant use
of two drugs, as well as a simulation study.

Data files were downloaded from the FDA website (https://fis.
fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html) and
analyzed between 2014 Q1 and 2022 Q4 after the launch of
SGLT2 inhibitors. The analyses included records describing
13,344,838 patient characteristics, 54,869,999 drug properties,
and 43,029,283 reactions/events. All analyses were performed
using SAS software version 9.4 (SAS Institute, Cary, NC). The
SAS code is provided in the Supplementary Material.

3.1 Scenario 1 (single drug)

We applied the two proposed models to the FAERS database to
screen for ADRs when seven SGLT2 inhibitors (canagliflozin,
empagliflozin, ipragliflozin, dapagliflozin, tofogliflozin,
luseogliflozin, and ertugliflozin) were used. As a reference, we
also applied the traditional ROR and PRR to the database.

A list of ADRs determined as signals using the proposed
methods is presented in Supplementary Table S1. The total run
time of the analysis was 30 min (2.2 GHz Intel Xeon processor with
64 GB memory). When the lower limit of the 95% CI for the
proposed ROR and PRR was greater than 1, the ADR was
considered detected. The results of the proposed ROR were
similar to those of the proposed PRR owing to the low reporting
rate. In addition, the ADRs detected using the proposed methods
were similar to those detected using traditional methods. As
numerous ADRs were detected (Supplementary Table S1), we
summarized the ADRs detected with three or more
SGLT2 inhibitors (Table 2). We only presented ROR results
because there was no significant difference between PRR and
ROR. In addition, owing to space limitation, only ADRs classified
as “metabolism and nutrition disorders metabolism” in the system
organ class (SOC) of MedDRA or recognized in the package insert of
SGLT?2 inhibitors are listed in Table 2.

In the current analysis, hypoglycemia, ketoacidosis, and several
infarctions, all well-known ADRs of SGLT2 inhibitors, were
detected with almost all SGLT2 inhibitors. Euglycemic diabetic
ketoacidosis, ketoacidosis, and pyelonephritis were detected with
all seven SGLT?2 inhibitors. The detection results of the proposed
methods were similar to those observed with the traditional ROR
and PRR (Supplementary Table S1).

3.2 Scenario 2 (DDI)

with diabetes SGLT2
inhibitors with glimepiride, a sulfonylurea that stimulates

Patients frequently coadminister

pancreatic f cells to release insulin. Accordingly, the proposed
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models were applied to assess DDIs between seven
SGLT?2 inhibitors and glimepiride.

A list of ADRs determined as signals using the proposed methods
is presented in Supplementary Table S2. The number of drugs
reported is also shown in Supplementary Table S3. The total run
time of the analysis was 232 min (2.2 GHz Intel Xeon processor with
64 GB memory). For the proposed PRR and ROR, an ADR was
considered to be detected when the lower limits of 95% CI were >1.
The results of the proposed ROR were similar to those of the proposed
PRR. As observed in Scenario 1, Table 3 presents a list of ADRs
detected with two or more types of SGLT2 inhibitors using the
proposed methods. Only ROR results are presented, given the
absence of any significant difference between the PRR and ROR.
Owing to space limitations, only ADRs classified as “metabolism and

nutrition disorders metabolism,” “cardiac disorders,

» «

nervous system
disorders,” “renal and urinary disorders,” “reproductive system and
breast disorders,” “infections and infestations,” and “surgical and
medical procedures” in SOC of MedDRA are listed in Table 3.
These SOC classes include ADRs that are likely to occur with the
use of SGLT?2 inhibitors.

In addition, ketosis-related ADRs were frequently detected
following the concomitant use of glimepiride and several
SGLT2 inhibitors. Coronary artery stenosis, acute myocardial
infarction, cardiac failure, cerebral infarction, renal impairment,
and acute pyelonephritis were detected in patients treated with four
SGLT2 inhibitors (Table 3).

4 Simulation study

We examined the performance of the proposed method using a
simulation study. We calculated the ROR and PRR using the logistic
mixed-effect and Poisson mixed-effect models, respectively, as
defined in Section 2.

The performance was evaluated in terms of sensitivity and false-
positive rates. Sensitivity is the proportion of correctly identified
signals, whereas the false-positive rate is the proportion of falsely
detected signals. In this section, we considered two simulations: 1)
signal detection for one drug and 2) DDI for the concomitant use of
two drugs.

4.1 Data generation

Data generation was repeated 1,000 times for each setting. The
number of ADR types was set as J = 100, 500.

4.1.1 Simulation 1 (single drug)

Signal detection was considered when only one drug was
administered. The number of ADRs reported for each drug was
set to n=10,000,000. For drug 1 (i=1), the number of
prescriptions with drug 1 was set to ;. = 10,000,50,000. In
Scenario 1, we investigated the false-positive rate of the proposed
method, setting the incidence probabilities of ADR jto p;; = p1-j =
0.05,0.1,0.2 (%). Here, p;-; is the incidence probability of ADR j
when drug 1 is not used (see Table 1). In Scenario 2, we examined the
(pr-j» p1j) = (0.05,0.075), (0.05,0.1),
(%). In both

sensitivity by  setting
(0.05,0.125), (0.1,0.15), (0.1,0.2), (0.1,0.25)
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scenarios, the values of n;; and n;—mn;; were independently
generated by the binomial distributions Bin(rn., pi;) and
Bin(n — ny., p1-j), respectively.

4.1.2 Simulation 2 (DDI)

We evaluated DDIs with the concomitant use of drugs 1 (D)
and 2 (D,) by assuming the number of prescriptions in the absence
of both drugs, the presence of either D; or D,, and the presence of
both drugs to be 10,000,000, 100,000, and 10,000, respectively
(Table 4). The incidence probabilities in Table 4 vary depending
on the simulation scenario. In Scenario 1, we determined the false-
positive rate of the proposed method. In this case, no DDIs were
observed. We then set (1-1) poo = pio = po1 = p11;  (1-2)
Poo = p1o< por = pr11; and (1-3) poo < p1o = por < pu (Figure 1).
An additional effect was observed between drugs 1 and 2 in (1-2)
and (1-3), although no interaction was observed under the
poopu/ (propo) =1. In
Scenario 2, we investigated the sensitivity and detected a positive
DDI because poopi1/(piopor) >1. Under this assumption, we set
(2-1) poo = p1o = po1 < p11> (2-2) poo = p1o < po1 < p11> and (2-3)
Poo < p1o = por < pn (Figure 1). The details of these settings are
shown in Figure 1 and described in the Results section. In both

multiplicative assumption because

scenarios, the values of ngg, 119, 191, and ny; were independently
generated using binomial distributions. As a competitor
(henceforth, the existing method), we calculated the PRR and
ROR using simple Poisson and logistic models, including two
factors D; and D,, and the interaction term for each ADR,
respectively (van Puijenbroek et al., 1999).

4.2 Results

4.2.1 Simulation 1 (single drug)

Table 5 presents the false-positive rate in Scenario 1 and the
sensitivity in Scenario 2 when the traditional and proposed PRR and
ROR are applied under J = 100. The simulation results under J =
500 are presented in Supplementary Table S4. At the top of Table 5,
the false-positive rates of the proposed PRR and ROR were similar to
those of the traditional PRR and ROR across all simulation settings.
Additionally, false-positive rates of the PRR and ROR differed
minimally. The false-positive rate for the proposed method was
not dependent on the incidence probability or the number of ADR
types. As shown in Table 5 (bottom), the sensitivities of the proposed
PRR and ROR were similar to those of the traditional PRR and ROR
for all simulation settings. Furthermore, the false-positive rate of
PRR and ROR differed minimally.

4.2.2 Simulation 2 (DDI)

Table 6 presents the false-positive rate in Scenario 1 and the
sensitivity in Scenario 2 when the proposed PRR and ROR were
applied under J = 100. The simulation results under J = 500 are
presented in Supplementary Table S5. At the top of Table 6, the
false-positive rate for DDIs using the proposed PRR and ROR was
generally controlled at a nominal significance level of 5%. The
false-positive rates of the proposed PRR and ROR were similar to
those of the PRR and ROR derived using existing methods across
all simulation settings. In addition, the false-positive rates of the
PRR and ROR differed minimally. The false-positive rate for the
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proposed method was not dependent on the incidence probability
or the number of ADR types. As shown in Table 6 (bottom), there
was minimal difference in the sensitivity between PRR and ROR as
a false-positive rate. The sensitivities of the proposed PRR and
ROR were also similar to those of the PRR and ROR from the
existing method across all simulation settings. Although the
sensitivity of PRR and ROR increased as the incidence
probability increased, the sensitivity was not dependent on the
number of ADR types.

5 Discussion

Herein, we proposed a new signal detection method within
the framework of a generalized mixed-effect model. The
proposed models can directly estimate the PRR and ROR,
which are used worldwide to detect signals in spontaneous
reporting systems. In terms of the advantages, the proposed
method can allow the simultaneous evaluation of several
ADRs using multiple drugs. The proposed method is suitable
for signal detection because ADRs should be comprehensively
and efficiently screened in post-marketing drug safety
surveillance. Our study also found that the PRR and ROR
calculated using the proposed model were almost identical to
the traditional PRR and ROR. While the traditional PRR and
ROR can only be calculated in the presence of one drug, the
proposed method can be applied to multiple drugs and is a more
generalized and convenient method.

For screening ADRs in spontaneous reporting systems, the
Medicines and Healthcare Products Regulatory Agency adopts
the traditional PRR, and the Netherlands Pharmacovigilance
Center and the Pharmaceutical and Medical Devices Agency
in Japan employ the traditional ROR (Noguchi et al., 2021).
The proposed method also provides the PRR and ORR, and it can
be interpreted similarly to the results of traditional methods
routinely used by the regulatory authorities. Although the
criterion established by Norén et al. (Norén et al, 2008)
would be the most widely used for detecting DDIs, the
method proposed in the current study is more convenient for
practical applications, given that ADRs from “single use of a
drug” and “concomitant use of drugs” can be uniformly evaluated
using one methodology. Thus, we anticipate that the proposed
method will become one of the most useful applications in drug
safety surveillance in the future.

However, some ingenuity is required to construct a generalized
mixed-effects model. For example, the model may lead to
convergence problems in numerical optimization when many
drugs are included in the model as factors. Specifically, we
cannot obtain PRR and ROR estimates when the constructed
model is markedly complicated. In this case, the model is
simplified. In addition, the calculation to obtain parameter
estimates may be prolonged in the presence of numerous ADRs
and drug types.

Several limitations need to be cautiously considered when
undertaking signal detection analyses. For example, only
observed ADRs
systems databases, resulting in underreporting bias (Noguchi

are registered in spontaneous reporting

et al., 2021). Furthermore, the incidence rate for ADRs cannot
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be calculated because databases collect only patient information
with the ADR (Tada and Gosho, 2022). Moreover, even if the
patients are actually taking multiple drugs, some drug
information might be missing. Therefore, the measures for
detecting DDI tend to be underestimated (Norén et al., 2008).
These limitations are inherent to databases and cannot be
overcome even when using the proposed method. Although
signal detection analysis fails to establish definite conclusions
regarding the association between ADRs and target drugs due to
the limitations, the analysis results generate hypotheses about the
association.
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Aim and background: This study attempted to identify similarities and differences in
adverse events (AEs) between human epidermal growth factor receptor 2
(HER2) inhibitors, especially those related to hemorrhagic events and nervous
system disorders.

Methods: This study summarized the types, frequencies, and system organ classes
(SOCs) of AEs of HER2 inhibitors. The US Food and Drug Administration Adverse
Event Reporting System (FAERS) data from January 2004 through March 2022 was
collected and analyzed. Disproportionality analyses were conducted to detect AEs
signals for every HER2 inhibitor. The chi-square test, Wilcoxon test, and descriptive
analysis were used to compare the differences of AEs for specific SOCs or drugs.

Results: A total of 47,899 AE reports were obtained for eight HER2 inhibitors.
Trastuzumab-related AEs were reported in the highest number and combination
of regimens. In monotherapy, trastuzumab had the highest reported rate of
cardiac disorders-related AEs (24.0%). However, small-molecule drugs exceeded
other drugs in the reported rates of AEs related to gastrointestinal disorders,
metabolism and nutrition disorders. The highest reported rates of respiratory
disorders (47.3%) and hematologic disorders (22.4%) were associated with
treatment with trastuzumab deruxtecan (T-DXd). Patients treated with
trastuzumab emtansine (TDM-1) had the highest reported rate (7.28%) of
hemorrhagic events, especially intracranial haemorrhage events. In addition,
patients treated with TDM-1 with concomitant thrombocytopenia were likely
to experience hemorrhagic events compared to other HER2 inhibitors (p < 0.001).
The median time to onset of intracranial haemorrhage associated with
trastuzumab (0.5 months) and TDM-1 (0.75 months) was short. However, there

Abbreviations: BC, Breast Cancer; HER2, Human Epidermal Growth Factor Receptor 2; ADC, Anti-body
Drug Conjugates; AEs, Adverse Events; FAERS, The US Food and Drug Administration Adverse Event
Reporting System; PRR, Proportional Reporting Ratio; PTs, Preferred terms; SOCs, System Organ
Classes; TDM-1, Trastuzumab emtansine; T-DXd, Trastuzumab deruxtecan.
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was no significant difference in median time to onset intracranial haemorrhage
between patients in different age groups or with different outcomes.
Disproportionality analysis results reveal that cerebral haemorrhage is a positive
signal associated with T-DXd and TDM-1. In addition, tucatinib was the drug with
the highest rate of reported nervous system disorders (31.38%). Memory
impairment (83 cases) is a positive signal for tucatinib.

Conclusion: The types and reporting rates of AEs associated with different
HER2 inhibitors vary across multiple systems. In addition, hemorrhagic events
concomitant with TDM-1 treatment and nervous system disorders concomitant

with tucatinib treatment may be worthy of attention.

KEYWORDS

HER2 inhibitors, FAERS database, adverse drug events, hemorrhagic events, nervous
system disorders, TDM-1, Tucatinib

1 Introduction

HER? is a vital driving gene for many malignant tumors, such as
breast cancer (BC), gastric cancer, and ovarian cancer.
Overexpression and amplification of HER2 are closely related to
the rapid progress of tumors (Cianfrocc et al., 2004; Rakhshani et al.,
2014; Berchuck et al, 1990). Considering the incidence and
prevalence of these tumors worldwide, how to effectively control
the invasion and metastasis of HER2-positive (HER2+) tumors has
become an important issue. Due to the reliability of HER2 as a target
antigen, the types of HER2 inhibitors are diversifying. Currently,
there are three main types of HER2 inhibitors used in clinical
practice: small-molecule drugs (lapatinib, neratinib, tucatinib, and
pyrotinib), monoclonal antibodies (trastuzumab, pertuzumab), and
antibody-conjugated drugs (ADCs): TDM-1, T-DXd, et al. (Schlam
and Swain, 2021; Singh et al., 2022; Banys-Paluchowski et al., 2023).
For example, many guidelines recommend the combination of
trastuzumab, pertuzumab, and taxane as the standard first-line
treatment for patients with advanced HER2+ BC (Swain et al.,
2020). In addition, T-DXd has been successively approved for
second-line treatment of BC and gastric carcinoma and also
approved for treatment of metastatic BC with low
HER2 expression (Grieb and Agarwal, 2021; Singh et al., 2022).
In addition, the number of cancer types for which HER2 inhibitors
are used is still increasing (Oh and Bang, 2020). Moreover, as the
reliability of HER2 inhibitor efficacy has been validated, many
oncology patients have received different HER2 inhibitors in
concomitant combinations or phases (Giordano et al., 2022).

Many studies have suggested that HER2 inhibitors related to
adverse events (AEs) significantly reduce patients’ quality of life, lead
to treatment interruption, and ultimately impair the efficacy of
inhibitors and the survival period of patients (Hedhli and Russell,
2011; Zambelli et al., 2011). However, there are still relatively few
reports on the lateral comparison of AEs in all SOCs. Therefore, we
were curious if the AEs in patients treated with only one
HER2 inhibitor differed from those who received multiple
HER?2 inhibitors. Furthermore, are there significant differences in
AEs associated with different types of HER2 inhibitors? For
example, some studies have found severe hemorrhagic events
with treatment with TDM-1 (Thuss-Patience et al., 2017;
Delgado et al, 2021; Wuerstlein et al., 2022). The issue of
potential hemorrhagic events with the use of other
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HER2 inhibitors is then equally worth evaluating. Meanwhile,
because the permeability of the blood-brain barrier between
small-molecule drugs and ADCs is significantly different, the
differences in these drug-induced nervous system disorders
remain unknown (Stemmler et al., 2007; Guntner et al., 2020).
FAERS database can provide a full range of reported events related
to AEs of different drugs in real-world evidence from worldwide
(Mo et al,, 2023). Therefore, this study is based on the FAERS
database to assess the differences in multiple SOC-related AEs
suspected to be associated with one HER2 inhibitor or multiple
HER?2 inhibitors, especially those related to hemorrhagic events and
nervous system disorders. Subsequently, the reported rates of AEs
for preferred terms (PTs) and affiliated SOCs associated with
monotherapy and combination therapy were itemized.

2 Materials and methods
2.1 Data collection and extraction

Data for the retrospective pharmacovigilance study were
obtained from the FAERS database. FAERS database is a
recognized source for timely, real-world safety assessments of
drugs and therapeutic biological products (https://fis.fda.gov/
extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html). FAERS
database was searched (1 January 2004-31 March 2022) for AEs
data of FDA-approved HER2 inhibitors (lapatinib, neratinib,
tucatinib, pyrotinib, trastuzumab, pertuzumab, TDM-1, T-DXd
across all indications). Trade names and generic names of drugs
in the National Center for Biotechnology Information (NCBI) were
used as the search terms for HER2 inhibitors. Since Product Active
ingredients (PROD_AI) were added to drug/biologic information
(DRUG) of FAERS data files after 2014, PROD_ALI of drugs was also
added as search terms. Then, the relatively comprehensive results
were obtained.

2.2 Data cleaning procedures
We only selected reported events for HER2 inhibitors judged

to be primary suspect (PS) and second suspect (SS) in “ROLE_
COD”. As recommended by the FDA, we removed duplicate
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records prior to statistical analysis by selecting the most recent
FDA_DT when the CASEID was the same and the higher
PRIMARYID when the CASEID and FDA_DT were the same.
Specific reports indicated as erroneous on the FDA website were
removed as recommended. The preferred term (PT) of the
Medical Dictionary for Regulatory Activities (MedDRA) was
used to standardize the AEs data, and SOC was utilized to
classify AEs into various systems. The data cleaning process
relied on SAS statistical soft-ware (version 9.4; SAS Institute,
Cary, NC, United States). Cases with only a single HER2 inhibitor
in the DRUGNAME list were categorized as monotherapy. Cases
with two or more HER2 inhibitors in the DRUGNAME list were
categorized as combination therapy. Finally, all cases that
contained the same PRIMARYID for the combination therapy
were finally de-weighted again.

2.3 Statistical analysis

2.3.1 Disproportionality analysis.

Disproportionality analysis is a data mining method now
widely used in monitoring adverse drug reactions (Chuma
et al., 2022; Raschi et al., 2022). The Proportional Reporting
Ratio (PRR) method, and Bayesian Confidence Propagation
Neural Network method were utilized to detect safety signals
for the drugs under study. We calculated PRR, information
components (IC) and the corresponding 95% confidence
intervals lower limit by using a 2 x 2 contingency table to
detect potential associations between HER2 inhibitors and
AEs. The AEs was considered significantly associated with the
targeted drug relative to other drugs when the number of cases of
AEs was greater than 3, PRR > 2, and the lower limit of the 95%
CI of PRR values exceeded 1.0.

2.3.2 Descriptive analysis

The adverse event reporting rate was set as the total number of
specific AEs as a percentage of the total number of cases for the
targeted HER2 inhibitor. Hemorrhagic events include AEs related to
haemorrhage and hemorrhagic in the pt_name list. The time of
onset of an intracranial hemorrhagic event was recognized to be the
time of the event minus the time of initial treatment with the drug.

The chi-square test was performed based on the R package
ggstatsplot (version 0.12.1; Indrajeet Patil) (Patil, 2021); The
Wilcoxon test and the Kruskal Wallis test were performed based
on the R package ggpubr (version 0.6.0; Alboukadel Kassambara
[aut, cre]) (Kassambara, 2023).

2.3.3 Data visualization

ggplot2 (version 3.4.1; Hadley Wickham) (Wickham, 2016),
(version 1.4.9; Chun-Hui Gao)
(ggVennDiagram, 2023), ggalluvial (version 0.12.5; Hadley
Wickham) (Brunson, 2020), ComplexHeatmap (version 2.16.0;
Zuguang Gu) (Gu et al,, 2016), and UpSetR (version 1.4.0, Jake
Conway, Nils Gehlenborg) (Conway et al., 2017) were employed for

ggVennDiagram

visualization. Data visualizations were processed by the software
Rstudio (version 2023.03.0; Build 353 © 2009-2022 Posit Software
PBC) in the R environment (version 4.3.2). p < 0.05 was statistically
significant, and the p-value was bilateral.
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3 Results

3.1 Basic clinical characteristics of patients
treated with HERZ2 inhibitors

What are the clinical characteristics of patients treated with
HER?2 inhibitors in reports derived from the FAERS database? After
extracting and cleaning the FAERS raw data, all subtypes of the final
eight HER2 inhibitors were identified for monotherapy and
combination therapy (Figure 1A). Among monotherapy,
trastuzumab (19,894 cases), lapatinib (7,135 cases), TDM-1
(2,283 cases), and pertuzumab (1,006 cases) had the top
4 highest
pertuzumab (10,214 cases), trastuzumab plus lapatinib
(1,748 cases), trastuzumab plus pertuzumab plus TDM-1
(1,131 cases), and trastuzumab plus TDM-1 (819 cases) are the
first four common HER2 inhibitor combination strategies. In

number of reported cases. Trastuzumab plus

addition, we found that some patients received a combination
strategy of three, four, or even five HER2 inhibitors. Figure 1A
also shows the total number of reported HER2 inhibitor-related AEs
in different countries worldwide. The United States (9,281 cases),
United Kingdom (3,190 cases), Japan (2,687 cases), and China
(2,629 cases) were the top 4 countries in terms of the number of
AEs. In addition, the number of reported cases of pertuzumab in
combination therapy was significantly higher (12,115 cases) than in
monotherapy (1,006 cases) (Figure 1B).

In monotherapy, trastuzumab had the highest reported rate
of cardiac disorders-related AEs (24.0%) (Figure 1C). However,
small molecule agents exceeded monoclonal antibodies and
ADCs in the reported related to gastrointestinal
disorders, metabolism and nutrition disorders, and skin and
The
gastrointestinal disorders was more pronounced in patients

rates

subcutaneous tissue disorders. reported rate of
who had received neratinib. The highest reported rates of
respiratory disorders (47.3%) and hematologic disorders
(22.4%) were associated with treatment with T-DXd. Patients
treated with TDM-1 had the highest reported rate (7.28%) of
hepatobiliary disorders. These results suggest differences in the
presence of potential AEs for each HER2 inhibitor. In addition,
combination therapy had a higher reported rate of AEs involving
blood and

infestations, investigations, neoplasms benign, malignant and

lymphatic system disorders, infections and

unspecified, and nervous system disorders than monotherapy.

3.2 Distribution statistics of adverse events
based on PTs and SOCs classification in
monotherapy

The frequency and type of PTs that were primarily suspected
and secondarily suspected of being associated with monotherapy
were counted (Figure 2A). Diarrhea was the most frequently
reported PTs for tucatinib, neratinib, lapatinib, and pertuzumab.
Besides, fatigue, nausea, and vomiting were also common AEs in all
HER? inhibitor users. In addition, dehydration is a common PTs for
small-molecule drugs. However, ejection fraction decreased (8.78%)
and cardiac failure (7.68%) were the top 10 reported PTs for
trastuzumab application, which was not found for other drugs.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1288362

Bao et al. 10.3389/fphar.2024.1288362
200004 "
15000 -
Counts
Less than 50
w 50-200
q) B 200-1000
¢) 10000 B oo
m [l ore than 3000
| D
5000 4
11311006 845 819
717 590 3&6 243 212 189 159 113 60 49 31 27 27 24 17 13 12 9
Pyrotinib
u Neratlnlb
u Tucatlnlb
—
La atlmb I
— Pertuzumab :
Trastuzumab = @
30000 20000 10000 0
Set size
Monotherapy Combination Therapy
0,
- 61.26% 19804 Trastuzumab B 45.41% 15011 Trastuzumab
B 3.10% 1006 Pertuzumab o
o B 36.65% 12115 Pertuzumab
B3 7.03% 2283 T-DM1 BEm 857% 2834 T-DM1
0, B 0 -
B 2.61% 848 T-DXd o,
S mm 0.02% 8 T-DXd
= 2.21% 717 Tucatinib = 1.47% .
0 L 47% 486 Tucatinib
Wl 21.97% 7135 Lapatinib W 7.29% 2409 Lapatinib
B 1.82% 590 Neratinib = pagmy
: Bl 0.58% 192 Neratinib
C Total=32473 Total=33055
Distribution of adverse event reporting rates
5.3 0.0 11.6 15.0 224 7.9 20.1 16.9 21.9 Blood and lymphatic system disorders
25 28 74 76 32 124 240 174 167 | Cardiac disorders 350
0.0 04 0.1 0.4 0.1 0.0 0.7 05 04 Congenital, familial and genetic disorders 300
14 1.7 0.9 0.8 0.6 0.2 1.7 14 1.4 Ear and labyrinth disorders
03 1.7 0.5 0.2 0.6 0.0 0.7 06 0.6 Endocrine disorders 250
6.1 10.2 3.9 8.6 25 2.8 46 4.7 5.4 Eye disorders
2000 250 | 360 | Gastrointestinal disorders 200
General disorders and administration site conditions 150
3.7 6.8 8.2 13.0 6.1 1.6 4.9 6.1 6.4 Hepatobiliary disorders
1.2 1.8 1.0 1.4 05 55 2.8 23 3.0 Immune system disorders 100
28.1 30.8 19.8 16.7 185 10.9 16.3 17.5 31.9 Infections and infestations
8.9 154 31.0 36.9 13.9 8 18.8 Injury, poisoning and procedural complications 50
439 223 27 315 203 26.2 26.8 38.2 Investigations
384 18.0 84 15.8 7.9 9.1 126 13.5 Metabolism and nutrition disorders 0
29.3 36.8 1.7 103 35 6.0 165 15.0 17.6 Musculoskeletal and connective tissue disorders
215 244 237 14.9 6.6 54 {22 18.1 238 Neoplasms benign, malignant and unspecified
247 246 11.9 215 25.9 27.0 34.7 Nervous system disorders
0.0 0.0 0.0 0.6 0.0 0.3 15 1.0 0.6 Pregnancy, puerperium and perinatal conditions
0.5 22 0.4 0.4 0.2 0.8 0.4 04 0.6 Product issues
14.2 275 6.6 3.1 2.9 25 6.8 6.9 74 Psychiatric disorders
{i12) 75 3.5 45 3.4 1.9 4.3 42 5.5 Renal and urinary disorders
32 22 1.0 0.9 0.1 0.5 2.1 1.7 29 Reproductive system and breast disorders
25.9 28.7 21.4 233 228 274 26.2 294 Respiratory, thoracic and mediastinal disorders
42.9 i 10.6 34.0 208 302 284 Skin and subcutaneous tissue disorders
1.5 24 03 02 07 0.5 03 04 0.1 Social circumstances
264 44.1 42 07 34 1.0 14 34 13 Surgical and medical procedures
6.9 1.2 59 45 2.7 134 9.2 8.1 9.8 Vascular disorders
§F ¢ & d § ¥ 4§ 3§ 3%
g g 8 2 X g g 3 :
3 2. 3. =4 N = =3
S G 5 3 ] o o}
O D O o
= = 2 3
=
=
@
oS
b
<
FIGURE 1

Clinical characteristics of patients treated with HER2 inhibitors and distribution of adverse event reporting rates. (A) Visualization of overlapping
relationships between users of different HER2 inhibitors and the total number of all HER2 inhibitors reported in different countries was based on the R
packages UpSetR and ggplot2. (B) Number and percentage of cases of each HER2 inhibitor in monotherapy and combination therapy. Considering that
the total number of pyrotinib was too small, they were excluded from monotherapy and combination therapy statistics. (C) Heat map displays the
distribution of adverse event reporting rates for seven HER2 inhibitors.
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Distribution statistics of adverse events (AEs) based on PTs" and SOCs' classification in monotherapy. (A) Pie chart visualizing the number of AEs
reported at high frequency for the seven HER2 inhibitors. (B) Mulberry diagram visualizing the correspondence of adverse events (soc_name) and
outcomes (OUTC_COD) reported in cases treated with T-DXd and trastuzumab. (C) Heat map displays the distribution of AEs reporting rates of

gastrointestinal disorders for seven HER2 inhibitors.

Another concern is thrombocytopenia (235 cases), the most
frequently reported AEs in TDM-1 applicants. Pneumonia
(101 cases) occurrence is a close second. Pulmonary and
hematologic toxicity remains a significant concern for TDM-1
applications.

Subsequently, the inter-correlation between the outcomes of
AEs and SOCs of HER2 inhibitor monotherapy was visualized
2B, S1). We found that

(Figure Supplementary  Figure
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gastrointestinal ~ disorders accounted for a relatively high
proportion of specific adverse severe outcomes (death, life-
threatening, and hospitalization—initial or prolonged) for all
HER2 inhibitors. The distribution of gastrointestinal disorders
among patients with specific serious adverse outcomes was
further analyzed, and the reporting rate of AEs was counted.
Diarrhea, nausea, vomiting, and abdominal pain were the higher

reported PTs, with neratinib- and tucatinib-related ones being more
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Hemorrhagic events and thrombocytopenia with HER2 inhibitors. (A) Mulberry map of clinical characteristics of patients with hemorrhagic events.

Data were collected from regimen, age, sex, outcome (OUTC_COD), SOC types (soc_name), and preferred terms types (pt_name). Unknown indicates
those not explicitly stated in the factor. (B, C) Heat map visualization of frequency distribution and reporting rates distribution of hemorrhagic events.
(D, E) Wayne Map visualizes the overlapping relationship between haemorrhage and thrombocytopenia in patients receiving HER2 inhibitor therapy.

(F) Chi-Square Test compares differences in Hemorrhagic events between TDM-1 and other HER2 inhibitors in patients reporting the presence of

thrombocytopenia.
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pronounced (Figure 2C). At the same time, trastuzumab had a very
low reporting rate for almost all PTs. However, the reported rates of
T-DXd (1.30%) or TDM-1 (1.88%) associated gastrointestinal
haemorrhage were greater than 1%, significantly exceeding that
of other HER2 inhibitors. Therefore, we pondered whether there
was a pharmacologic predisposition to the occurrence of
hemorrhagic events.

3.3 Hemorrhagic events with
HER2 inhibitors

They were considering that hemorrhagic events, especially
haemorrhage of vital organs, are severe or even lethal AEs.
Hemorrhagic events associated with different HER2 inhibitors
were further explored. The statistics on the percentage of the
number of reported cases found the highest percentage of
patients in the 45-64 age range (544 cases, 43%), followed by the
65-74 age range (198 cases, 16%) and the 18-44 age range
(108 cases, 8.5%) (Figure 3A; Table 1). The overall percentage of
patients who experienced a hemorrhagic event that resulted in death
was 23% (294 cases). The top three frequencies of hemorrhagic
events originating from gastrointestinal disorders (661 cases, 52%),
vascular disorders (208 cases, 16%), and nervous system disorders
(175 cases, 14%) (Figure 3B).
haemorrhage (214 cases, 17%), rectal haemorrhage (186 cases,

Specifically, gastrointestinal
15%), and cerebral haemorrhage (107 cases, 8.4%) occurred with
relatively high frequency. In addition, TDM-1 (7.28%) had the
highest total
(Figure 3C). However, the reported rate of hemorrhagic events in
the combination therapy group (2.81%) was close to that of

adverse event reporting rate of any drug

monotherapy (2.84%).

Previous studies have suggested that thrombocytopenia
induced by antineoplastic therapy may be a risk factor for
hemorrhagic events (Elting et al., 2001; Chari et al., 2019).
Thus, the overlapping relationship between patients with
thrombocytopenia and those with bleeding events was
counted. Figure 3D demonstrates that none of the six
HER2 inhibitor monotherapy users had more than 10% of
concurrent thrombocytopenia and bleeding events. However,
40% (44/110) of TDM-1 applicants
hemorrhagic events had coexisting thrombocytopenia
(Figure 3E). Thus, TDM-1 had a significantly higher rate of
thrombocytopenia with coexisting bleeding events compared

to other drugs (p < 0.001) (Figure 3F).

who experienced

3.4 Evaluation of intracranial
haemorrhage events

Intracranial haemorrhage is a severe and lethal adverse event.
Evaluation of the interval between the initiation of HER2 inhibitors
and the occurrence of intracranial haemorrhage is warranted.
Among them, the median time to onset of intracranial
haemorrhage was significantly higher for lapatinib than for
trastuzumab, TDM-1, or T-DXd (p < 0.05) (Figure 4A). In
addition, the median time to onset intracranial haemorrhage was
significantly higher for combination therapy than for monotherapy
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(20.0 months VS. 1.5 months, p < 0.001) (Figure 4C). However,
there was no significant difference in median time to onset
intracranial haemorrhage between patients in different age
groups or with different outcomes (Figures 4B, D). In addition,
the distribution of thrombocytopenia in patients who developed
intracranial haemorrhage was counted. The results again suggested
that TDM-1 applicants who suffered intracranial haemorrhage were
more likely to have thrombocytopenia complications (Figure 4E). It
may be necessary to analyze further whether patients treated with
TDM-1 are more likely to report nervous system disorders than
other HER?2 inhibitors.

3.5 AEs involving nervous system disorders

Evaluating AEs involving nervous system disorders
originating from HER2 inhibitors is becoming increasingly
important as more and more drugs that enhance the control
of intracranial lesions are developed. Of these, the highest
percentage treated with (31.38%)
developed nervous system disorders, and the lowest was with
T-DXd (7.31%), and the percentage of TDM-1 was only 15.84%

(Figure 5A). Figure 5B demonstrates the difference in the number

of patients tucatinib

of cases of AEs involving nervous system disorders reported by
users of monotherapy with seven different HER2 inhibitors. The
percentage of patients whose outcome was death fluctuated from
3.36% to 17.4% of the total. Neuropathy, headache, dizziness,
paraesthesia, and memory impairment are common PTs
(Figure 5C). The results of the disproportionality analysis
suggested that cerebral haemorrhage is a positive signal for
TDM-1 and T-DXd (Figure 5D). In addition, among the seven
HER?2 inhibitors, demyelination and leukoencephalopathy were
the only positive signals in TDM-1 applicants. Therefore, myelin
damage in TDM-1 applicants might be worth emphasizing.
On the other hand, applicants of tucatinib had the highest
reported rates of nervous system disorders, so the positive signals
unique to this drug were also spotlighted. PPR signals were
epilepsy,
hypersomnia, memory impairment, and sleep deficit. In

positive for encephalopathy, balance disorder,
addition, neuropathy peripheral was also a factor in the high
prevalence of tucatinib applicants. The number of reports of
cases),

(83 cases), and balance disorder (37 cases) were among the

neuropathy peripheral (95 memory impairment
top three PTs with PRR-positive signals for tucatinib. Since
that memory impairment is a relatively insidious symptom, it

may be worth further attention.

4 Discussion

AEs
HER?2 inhibitors and improving patients’ quality of life is one of

Reducing the risk of various associated  with
the keys to the success of antitumor therapy. The FAERS database
provides us with follow-up data on drug safety, allowing us to better
monitor the distribution of AEs for various drugs, especially those
that occur outside the hospital. By comparing eight HER2 inhibitors
horizontally and vertically, our study partially demonstrates the

changes and status of anti-HER2 therapy over the past decade or so.
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TABLE 1 Clinical characteristics of patients with hemorrhagic events.
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Characteristic N = 1,274*
Regimen
Combination therapy 352 (28%)
Monotherapy 922 (72%)

Sex
F 1,051 (82%)
M 99 (7.8%)
Unknown 124 (9.7%)

soc_name

Eye disorders 83 (6.5%)
Gastrointestinal disorders 661 (52%)
Hepatobiliary disorders 4 (0.3%)

Neoplasms benign, malignant and unspecified 59 (4.6%)
Nervous system disorders 175 (14%)
Renal and urinary disorders 39 (3.1%)
Reproductive system and breast disorders 8 (0.6%)

Respiratory, thoracic and mediastinal disorders 37 (2.9%)
Vascular disorders 208 (16%)
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TABLE 1 (Continued) Clinical characteristics of patients with hemorrhagic events.

Characteristic N = 1,274*

(Continued on following page)
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TABLE 1 (Continued) Clinical characteristics of patients with hemorrhagic events.

Characteristic N = 1,274*
Shock haemorrhagic 7 (0.5%)
Subarachnoid haemorrhage 19 (1.5%)
Thalamus haemorrhage 1 (<0.1%)
Thoracic haemorrhage 1 (<0.1%)
Tumour haemorrhage 43 (3.4%)
Ureteric haemorrhage 1 (<0.1%)
Urethral haemorrhage 1 (<0.1%)
Urinary bladder haemorrhage 5 (0.4%)
Uterine haemorrhage 8 (0.6%)
Venous haemorrhage 2 (0.2%)
We visualized the number of various HER2 inhibitors applied alone, ~ fatal consequences of intracranial and gastrointestinal
sequentially, or combined based on overlap relationships  hemorrhage, our study focused on hemorrhagic events

(Figure 1A). Our statistics suggest that trastuzumab remains the
most reported drug for AEs, both in number and in combination.
However, more than 300 tumor patients had been treated with four
or even five HER2 inhibitors, which predicts fair compatibility
between these drugs. These drug combinations will continue to
evolve as more emerging HER2 inhibitors advance in therapeutic
lines and efficacy is confirmed (Giordano et al., 2023; Najminejad
et al.,, 2023).

The distribution of adverse event reporting rates suggests that
those patients treated with two or more HER2 inhibitors were more
likely to report AEs for SOCs such as blood and lymphatic system
disorders, infections and infestations, investigations, and neoplasms
benign, malignant, and unspecified compared to monotherapy. This
phenomenon may contribute to may be the accumulation of
HER2 inhibitor-related toxicity, disease progression, and the
superimposition of toxicity from other antitumor agents, among
other factors. In addition, the reported rates of AEs demonstrated
that TDM-1 and T-DXd appeared significantly different in multiple
SOCs (Figure 1C). For example, patients treated with T-DXd
reported a higher proportion of respiratory, thoracic, and
mediastinal disorders, whereas patients treated with TDM-1
reported a higher proportion of hepatobiliary disorders. These
results are consistent with previous studies (Yan et al, 2016;
Battisti et al., 2020; Swain et al., 2022). In addition, we visualized
the distribution of all reported AEs in patients treated with only one
HER?2 inhibitor by mulberry plots, incorporating seven inhibitors in
addition to pyrotinib (Figure 2B, Supplementary Figure S1). These
data may help clinicians or patients choose appropriate anti-HER2
therapy. Indeed, our study once again demonstrates the tendency of
small-molecule drugs to be highly prevalent in gastrointestinal
disorders, especially such common disorders as diarrhea, nausea,
and vomiting. Therefore, good management of gastrointestinal AEs
is necessary when applying this class of drugs.

The correlation between the occurrence of hemorrhagic
events during antitumor therapy and thrombocytopenia has
remained inconclusive (Wuerstlein et al., 2022; Wang et al,
2023). Considering the dangers of hemorrhage, especially the
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potentially associated with anti-HER2 therapy. Few previous
studies have conducted side-by-side comparisons of these
drugs. We found that TDM-1 had a significantly higher
proportion of reported hemorrhagic events than other
HER2 inhibitors. Furthermore, patients treated with TDM-1
who experienced hemorrhagic events had a significantly higher
rate of thrombocytopenia. Based on the inherent flaws in the
evidence from the spontaneous reporting system, we cannot
directly assume that thrombocytopenia-induced hemorrhagic
events in patients treated with TDM-1, especially since 60%
(66/110) of such patients did not report the occurrence of
thrombocytopenia (Figure 3E). However, thrombocytopenia
may have partially influenced the occurrence of haemorrhage.
Of course, we also noted that the percentage of bleeding events
intersecting with thrombocytopenia was less than 10% for each of
the other six HER2 inhibitors, which may prove that
thrombocytopenia is not strongly correlated with bleeding
events in users of these drugs. In addition, our study also
attempted to investigate the effect of different factors on the
time of initiation of intracranial hemorrhagic events. Age and
outcome of AEs are not important intervening factors. We note
that the median time to onset of intracranial haemorrhage
(0.5 months) and TDM-1
(0.75 months) was short. This result warns us that we need to

associated with trastuzumab
be concerned about the possibility of hemorrhagic events when
applying these HER2 inhibitors initially.

As the control of extracranial diseases improves, the
probability of malignant tumors metastasizing within the
central nervous system gradually increases (Ferrario et al,
2022). The blood-brain barrier is a major obstacle to the
effective penetration and diffusion of antitumor drugs to
intracranial lesions (Giordano et al., 2023). Therefore, some
HER2 inhibitors, such as tucatinib and neratinib, emphasize
high blood-brain barrier permeability (Giordano et al., 2023).
However, could increase intracranial drug concentrations
exacerbate or induce some neurologic toxicity that was
previously easily overlooked in the clinic? Our study found
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Evaluation of intracranial haemorrhage events. (A—D) The cumulative curve visualizes the interval between the initiation of HER2 inhibitors and the
occurrence of intracranial haemorrhage. (E) Percentage of patients treated with four HER2 monotherapies who developed intracranial haemorrhage who

had concomitant thrombocytopenia.

that the reported rates of nervous system disorders associated
with either tucatinib or neratinib were more than twice that of
other HER2 inhibitors (Figure 1C). The FAERS database has
reported 83 cases of memory impairment in patients treated with
tucatinib. This is rarely mentioned in previous studies.

4.1 Limitation

The present study is mainly based on the exploration of
public databases, but further validation of our analytical

Frontiers in Pharmacology

conclusions requires more real-world prospective studies and
large-scale clinical trials. Due to the limitations of spontaneous
reporting systems and the differences in the importance placed
on AEs in different countries and regions, there are situations
such as under-reporting, missing patient basic information, and
inability to estimate the incidence of ADR. The AEs mining
method used in this paper is the disproportionality analysis,
which highlights the differences in the number of reports
between a specific drug-event combination in the database
and other drug-event combinations in the database, and is
only used to generate drug safety signals (i.e., provide clues to
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FIGURE 5
Adverse events involving nervous system disorders. (A) Distribution of the total number and percentage of patients with concomitant nervous

system disorders in reports of HER2 monotherapy. (B) Bar graph statistics of the proportion and number of cases of living and dead patients presenting
with nervous system disorders, and those not explicitly labeled in the outcome list have been excluded. (C) Mulberry map of clinical characteristics of
patients with nervous system disorders. (D) Comparison of positive signal with nervous system disorders obtained by different HER2 inhibitors based

on the Proportional Reporting Ratio (PRR) method. Red dots indicate PRR values in the 2.0-6.0 range. Blue dots indicate PRR values above 5.0.
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drug safety), and cannot prove the causal relationship between
drug events.

4.2 Conclusion

The types and reporting rates of AEs associated with different
HER2 inhibitor treatments vary across multiple systems. In
addition, with  TDM-1
treatment and nervous system disorders concomitant with

hemorrhagic events concomitant

tucatinib treatment may be worthy of attention.
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Introduction: The discovery of neurotrophic tyrosine receptor kinase (NTRK)
gene fusions has facilitated the development of precision oncology. Two first-
generation NTRK inhibitors (larotrectinib and entrectinib) are currently approved
for the treatment of patients with solid tumors harboring NTRK gene fusions.
Nevertheless, comprehensive NTRK profiling at the pan-cancer genomic level
and real-world studies pertaining to the adverse events of NTRK inhibitors
are lacking.

Methods: We characterize the genome of NTRK at the pan-cancer level through
multi-omics databases such as The Cancer Genome Atlas (TCGA). Through the
FDA Adverse Event Reporting System (FAERS) database, we collect reports of
entrectinib and larotrectinib-induced adverse events and perform a
pharmacovigilance analysis using various disproportionality methods.

Results: NTRK1/2/3 expression is lower in most tumor tissues, while they have
higher methylation levels. NTRK gene expression has prognostic value in some
cancer types, such as breast invasive carcinoma (BRCA). The cancer type with
highest NTRK alteration frequency is skin cutaneous melanoma (SKCM) (31.98%).
Thyroid carcinoma (THCA) has the largest number of NTRK fusion cases, and the
most common fusion pair is ETV6-NTRK3. Adverse drug events (ADEs) obtained
from the FAERS database for larotrectinib and entrectinib are 524 and 563,
respectively. At the System Organ Class (SOC) level, both drugs have positive
signal value for "nervous system disorder”. Other positive signals for entrectinib
include “cardiac disorders”, "metabolism and nutrition disorders”, while for
larotrectinib, it is “hepatobiliary disorders”. The unexpected signals are also
listed in detail. ADEs of the two NTRK inhibitors mainly occur in the first
month. The median onset time of ADEs for entrectinib and larotrectinib was
16 days (interquartile range [IQR] 6—-86.5) and 44 days ([IQR] 7-136), respectively.
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Conclusion: Our analysis provides a broad molecular view of the NTRK family. The
real-world adverse drug event analysis of entrectinib and larotrectinib contributes
to more refined medication management.

NTRK, gene
pharmacovigilance

1 Introduction

Members of the tropomyosin receptor kinase (TRK) family
include the TRKA, TRKB, and TRKC proteins, encoded by the
neurotrophic tyrosine kinase receptor 1 (NTRKI), NTRK2, and
NTRK3 genes, respectively (Khotskaya et al., 2017). Activation of
neurotrophic factors, which are specific ligands for TRK receptors,
triggers the activation of various downstream signaling cascades.
These cascades include the mitogen-activated protein kinase
(MAPK), phosphatidylinositol-3-kinase (PI3K), and
phospholipase C-y (PLC-y) pathways. These pathways have
significant effects on essential biological processes such as
neuronal cell differentiation, survival, and proliferation (Bhangoo
and Sigal, 2019; Jiang et al., 2022). Alterations in NTRK genes are
closely associated with both tumor initiation and progression.
Among these alterations, NTRK gene fusions are the most well-
characterized aberrations. These gene fusions possess oncogenic
properties as they promote tumorigenesis by constitutively
activating downstream cell growth and proliferation pathways
(Khotskaya et al., 2017; Cocco et al., 2018; Okamura et al., 2018).
In addition to gene fusions, several studies have also characterized
the genomic profile of NTRK. Light et al. reported that NTRK1/3
were highly expressed in neuroblastoma patients with a better
NTRK2 was highly
neuroblastoma patients with a poor prognosis (Light et al., 2012).

prognosis,  whereas expressed  in
Additionally, in 83 clinical samples of triple-negative breast cancers,
NTRK1/2/3 were found to exhibit varying degrees of copy number
gain and amplification (Zito Marino et al., 2023). However, these
aforementioned studies are limited by focusing on specific cancer
types and small sample sizes, highlighting the critical need for
comprehensive analyses across multiple tumor types to
investigate their functions.

The US Food and Drug Administration (FDA) has approved the
first generation of NTRK inhibitors, which have shown favorable
clinical outcomes. One such inhibitor is larotrectinib, a potent and
highly selective small molecule inhibitor targeting three TRK
proteins. Larotrectinib is prescribed for the treatment of patients
with solid tumors who have NTRK gene fusions and have
experienced disease progression after alternative therapies (Scott,
2019). Its recommended phase 2 dose is 100 mg twice daily (Laetsch
etal., 2018). Whereas entrectinib is mainly used for the treatment of
locally advanced or metastatic solid tumors harboring fusion
mutations in the NTRK1/2/3, C-ros oncogene 1 (ROSI) and
anaplastic lymphoma kinase (ALK) genes. The recommended
adult dose of entrectinib is 600 mg/d, while the pediatric dose is
based on body surface area (Frampton, 2021). The main difference
between the two drugs is that entrectinib is indicated for adult and
pediatric patients aged >12 years, while larotrectinib is indicated for

adult and pediatric patients of all ages (Frampton, 2021). Both drugs
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entrectinib, larotrectinib, FAERS, adverse drug event,

prolong metastasis-free survival and overall survival and maintain
health-related quality of life in patients with solid tumors (Drilon
et al., 2022; Jiang et al., 2022). Adverse events were predominantly
reported during clinical trials for both drugs, primarily in grades
1-2, such as fatigue and dizziness. Additionally, a variable
to 40%) also
experienced grade 3-4 adverse events, including anaemia and

proportion of patients (ranging from 2%
elevated aminotransferases (Doebele et al, 2020; Hong et al,
2020). However, the majority of clinical trials were unable to
identify new signals of adverse drug reactions due to the limited
number of patients included and the short duration of follow-up
(Doz et al., 2022). Liguori et al. recently collected and descriptively
analyzed reports of adverse events following the introduction of two
first-generation NTRK inhibitors (Liguori et al., 2023). Nevertheless,
there is still a lack of disproportionality analysis of the adverse
reaction signals of the two first-generation NTRK inhibitors,
identification of new adverse reaction signals, and detailed
comparisons of the safety of the two drugs.

Evidence at the genomic level plays a crucial role in the
foundation of drug design. Drugs with confirmed targets from
human genetic studies are more likely to be successfully
marketed than those lacking such evidence (Roden et al.,, 2019).
Furthermore, mutations and epigenetic modifications of drug target
genes can significantly and consistently alter cellular gene expression
patterns and are strongly associated with drug efficacy and adverse
drug reactions (Brockmoller and Tzvetkov, 2008; Borges et al.,
2021). For instance, fibroblast growth factor receptor 2 (FGFR2)
rearrangements in cholangiocarcinoma predict tumor sensitivity to
FGFR2 inhibitors (Vogel et al., 2023). Clinical trials serve as a vital
pre-market assessment of drugs and represent an important step in
translating genomic evidence into clinical practice (Joffe et al., 2017).
However, due to the relatively low exposure of clinical trials with
clear inclusion criteria and drug treatment conditions, rare but
serious adverse drug reactions are usually detected after
marketing authorization and increased population exposure
2014).
on drugs are

(Ehmann et al, Therefore,
data

complementing evidence from pharmacoepidemiology (Sabaté

post-market real-world
vigilance of paramount importance,
and Montané, 2023). By integrating data from three sources-
genomics, clinical trials, and real-world pharmacovigilance, a
comprehensive view is provided, which is not available from any
independent data source (Figure 1). This approach also effectively
overcomes the limitations of analyzing each data type separately
(Jing et al,, 2021).

This study aimed to characterize the molecular signature of
NTRK using a large genomic dataset covering diverse tumor types,
and to conduct a comprehensive analysis of the safety of first-
generation NTRK inhibitors based on real-world adverse drug event
(ADE) data. Firstly, we conducted a systematic analysis of NTRK
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FIGURE 1

A flow chart of the whole study. In part |, we acquired NTRK expression profiling data and conducted an analysis of its mRNA expression, methylation,

and CNV (step 1). Subsequently, we delved into the genomic alterations of NTRK, co-mutation pathways (step 2), and emphasized NTRK fusions (step 3).
The part Il involved a comprehensive review of the clinical trials of NTRK inhibitors (step 4). In part Ill, a safety assessment of the first-generation NTRK
inhibitors was carried out utilizing real-world ADE reports sourced from the FAERS database (step 5). This encompassed data cleaning, baseline
information description, signal detection, and time to onset analysis. Furthermore, we provided a summarization of the interrelationships between the
three different data sources (top right of figure). CNV, copy number variation; FAERS, FDA Adverse Event Reporting System; SOC, System Organ Class; PT,
preferred term; ADE, adverse drug event; PS, primary suspect.
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expression, methylation, and genomic alterations across various
cancer types. Additionally, we investigated NTRK fusions and
for the first-
larotrectinib  and

examined the current status of clinical trials
NTRK
entrectinib. Lastly, we compared the differences in ADEs between

generation inhibitors, including
the two drugs and assessed the time of onset for these ADEs. The
integration of data from various sources in our study offers a

comprehensive perspective on the NTRK gene.

2 Materials and methods
2.1 Genomics data collection and processing

The RNA sequencing data from a pan-cancer microarray (n =
15,776) was obtained from the UCSC Xena browser (https://
xenabrowser.net/datapages/) on 1 August 2023. This dataset
integrates various cancerous and normal tissues obtained from
The Cancer Genome Atlas (TCGA) and the Genotype-Tissue
Expression (GTEx) (Goldman et al., 2020). Secondly, these data
were filtered and normalized before subsequent analyses were
performed (Vivian et al., 2017; Zhao et al., 2020). For detailed
procedures, please refer to a previously published article of us (Cui
et al.,, 2023).

To assess the correlation between NTRK1/2/3 gene expression
(with the median value as the cut-off) and patient prognosis, we
utilized univariate Cox proportional hazards regression analysis to
calculate hazard ratios (HR) and corresponding p-values. Patient
survival indicators examined in this study comprised overall survival
(OS), disease-specific survival (DSS), and progression-free interval
(PFI). OS was defined as death from any cause, with surviving
patients censored at the last follow-up. DSS was determined based
on deaths attributed to a specific disease, and PFI represented the
duration between the date of initial treatment in the randomized
group and disease recurrence (Ekmekcioglu et al., 2016; Liu et al.,
2018). During this process, key R packages was utilized, including
“survival (version 3.3.1)” and “ggplot (version 3.3.6)”.

2.2 Genomic alteration and
enrichment analysis

Gene Set Cancer Analysis (GSCA) (http://bioinfo life.hust.edu.
cn/GSCA/#/) is an integrative platform for genomic cancer analysis
(Liu et al, 2023). We employed the “Mutation” module to
investigate the association between NTRK1/2/3 mRNA expression
and copy number variation (CNV) as well as methylation across
various tumor types. Additionally, we utilized the “Expression”
module to explore the correlation between gene expression and
pathway activity. All analyses were conducted on 1 August 2023.

The cBioPortal (https://www.cbioportal.org/) provides an open
access to the interactive exploration of multidimensional cancer
genomics data (Cerami et al, 2012; Gao et al, 2013). To
systematically analyze the genomic alterations of NTRKI/2/3
genes across 32 different cancer types, we selected the “TCGA
Pan Cancer Atlas Studies” cohort, which consisted of a total of
10,953 patients (including 10,967 samples) for further investigation.
This cohort was chosen from the “Cancer Types Summary” and
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“Mutations” modules. To identify the most frequently altered genes,

we utilized the “Genomic alterations” option under the
“Comparison/Survival” module. Specifically, we focused on genes
with alteration cases surpassing 100 in the altered group (totaling
2,799 genes) that were found to have q-values<0.01. The top
20 genes with the highest alteration frequencies in the altered
group were subsequently visualized using a bar graph. To gain
insights into the potential functions of these genes, a functional
enrichment analysis was conducted. This analysis was performed
using the R packages “clusterProfiler” (version 4.4.4) for enrichment
analysis and “org.Hs.e.g.,.db” (version 3.1.0) for ID conversion (Yu
et al,, 2012). The p-values were adjusted using BH correction. All

operational processes were conducted on 4 August 2023.

2.3 Fusion gene analysis

The fusion gene data of NTRKI/2/3 were retrieved from the
TCGA Fusion Gene Database (https://www.tumorfusions.org/) on
5 August 2023. The database’s pipeline for RNA sequencing Data
Analysis (PRADA) allowed us to identify fusion transcripts
comprehensively and with high confidence, and provided a list of
authentic fusion genes across 33 TCGA cancer types (Hu et al,
2018). The database defines four tiers to rank the screened fusion
transcripts according to the abundance of supporting evidence.
From tier 1 to tier 4 indicates strong to weak confidence levels.

2.4 My cancer genome

The My Cancer Genome (MCG) database were launched in
2011 to guide clinicians in applying genomic test results to the
treatment of cancer patients (Jain et al., 2020; Jain et al., 2021).
Under the “Drugs” module, we selected two first-generation NTRK
inhibitors  (including larotrectinib and entrectinib) and
systematically surveyed the top biomarker inclusion criteria for

open clinical trials investigating these two drugs (5 August 2023).

2.5 Adverse drug event data collection and
deduplication

Adverse drug events (ADEs) are unintended and harmful effects
of medication use, and they commonly result in unplanned
hospitalizations and fatalities (Bailey et al., 2016; Visacri et al,
2022). To assess the post-marketing safety of entrectinib and
larotrectinib, we conducted a retrospective pharmacovigilance
study with ADEs data extracted from the FAERS database. The
FAERS data consists of seven datasets: demographic and
administrative information (DEMO), drug information (DRUG),
adverse drug reaction information (REAC), patient outcomes
information (OUCT), reported sources (RPSR), drug therapy
start dates and end dates (THER), and indications for drug
administration (INDI). Considering the different timing of FDA
approval for marketing of the two drugs, we collected information
on all ADEs from the FAERS database from 2018 Q4 to 2023 Q1 (for
larotrectinib, approved for marketing in 2018 Q4), and from
2019 Q3 to 2023 Q1 (for entrectinib, approved for marketing in
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TABLE 1 Three disproportionality algorithms for assessing potential associations between NTRK inhibitors and ADEs.

Algorithms Equation Criteria
ROR ROR = ad/bc, 95%CI = MROR=LI6 (Varl/brl/erl/djo.5 lower limit of 95% CI > 1, N > 3
PRR PRR = [a (c + d)]/[c (a+Db)] PRR>2, x* 24, N >3
X2 = [(ad-bc)2](a+b + ¢ + d)/[(a+b)(c + d)(a+c)(b + d)]
BCPNN IC = logsa (a+b + ¢ + d)/[(a+c)(a+b)], 95%CI = E (IC) + 2V(IC)0.5 1C025 > 0

a, number of reports that contain both targeted drug and targeted drug adverse reactions; b, number of reports of other drug adverse reactions that contain the targeted drug; ¢, number of reports

of targeted drug adverse reactions that contain other drugs; d, number of reports that contain other drugs and other drug adverse reactions. ROR, reporting odds ratio; PRR, proportional

reporting ratio; BCPNN, Bayesian confidence propagation neural network; 95% CI, 95% confidence interval; N, reports number; x2, chi-squared; IC, information component; IC025, the lower

limit of the 95% CI of IC; E (IC), the IC expectations; V(IC), the variance of IC

2019 Q3), respectively. As the database is updated on a quarterly
basis, it is inevitable that there will be duplicates of previous
published reports. In accordance with FDA recommendations, we
performed deduplication prior to statistical analyses based on the
following criteria: if CASEIDs were the same, the most recent FDA_
DT was selected; if CASEIDs and FDA_DTs were the same, the
higher PRIMARYIDs were selected (Shu et al., 2022). In this study,
“larotrectinib” (brand name: VITRAKVI), and “entrectinib” (brand
name: ROZLYTREK) were used to recognize records related to the
two NTRK inhibitors. To analyze the role of drugs in ADEs, the
drugs involved in ADE reports were classified as: primary suspect
(PS), which denotes the primary drug considered to have possibly
caused the ADE; second suspect (SS), which denotes the secondary
drug considered to have possibly caused the ADE; concomitant (C),
indicating the concurrent use of other drugs associated with the
ADE; and interacting (I), representing possible drug interactions
associated with the ADE. To improve accuracy, role codes for ADEs
are reserved for entrectinib and larotrectinib as the PS drugs only,
which resulted in ADEs associated with entrectinib and larotrectinib
dosing being 563 and 524, respectively (Wu et al., 2023). System
Organ Class (SOC) was the highest level of terminology in the
Medical Dictionary for Regulatory Activities (MedDRA, version
26.0). All ADEs in the report were coded according to the preferred
terms (PTs). Consequently, 1,343 larotrectinib-related PTs and
1,605 entrectinib-related PTs were screened out.

2.6 Data mining algorithm and
statistical analysis

In pharmacovigilance studies, the term “signal” denotes a
statistical association between a drug and an adverse event or
drug-related adverse event (Hauben and Aronson, 2009; Sakaeda
et al, 2013). Disproportionality analysis is a vital analytical
method used to identify signals of adverse reactions associated
with drugs, as well as to compare the occurrence of adverse
reactions between a specific drug and all other drugs. This
analysis helps uncover drug-related adverse reactions by
evaluating the proportion of these reactions in relation to the
overall adverse reaction pool (Montastruc et al., 2011). Therefore,
in this study, we employed disproportionality analysis to identify
potential correlations between the use of two NTRK inhibitors
and all ADEs. We utilized two non-Bayesian algorithms, namely,
the reporting odds ratio (ROR) and the proportional reporting
ratio (PRR), along with a Bayesian algorithm known as the
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Bayesian confidence propagation neural network (BCPNN)
(Montastruc et al., 2011). The Bayesian method (BCPNN)
have sufficient power to detect unique signals even when few
ADEs are reported for a drug (Bate, 2007). Generally, a higher
parameter value indicates a stronger signal value. The specific
formulas and criteria for detecting positive safety signals using
the three algorithms are presented in Table 1. To enhance the
reliability of our findings, we considered only adverse drug events
(ADEs) with positive signal values that satisfied all three
algorithms simultaneously. Furthermore, we excluded ADEs
to drug
presentation. Unexpected signals were determined as positive

related indications to ensure clarity in our
ADEs that were detected but not listed in the drug instruction.
The primary analyses of this study are depicted in Figure 1. All
data processing and statistical analyses were performed using

SAS 9.4, Microsoft Excel 2019, and R software (version 4.2.1).

2.7 Time to onset analysis

The time to onset (TTO) for ADEs associated with NTRK
inhibitor dosing was calculated as the interval between the
ADEs onset date (EVENT_DT) within the DEMO file, and
the start date of NTRK inhibitor dosing (START_DT) within
the THER file. The exclusion criteria involved removing
inaccurate or missing dates and cases where the ADEs onset
date (EVENT_DT) preceded the start date of NTRK inhibitor
dosing (START_DT). By utilizing the Weibull distribution, we
could identify and estimate the increase or decrease in the
incidence of ADE risk over time. The Weibull distribution
®. to

employs two parameters, scale (a) and shape

determine its shape (Kazi et al., 2020).

3 Results

3.1 Expression and clinical analysis of
NTRK1/2/3 in pan-cancer

To gain a comprehensive understanding of NTRK genomic
mRNA expression, we initially employed data from the TCGA
and GTEx databases. NTRK mRNA expression was generally
downregulated in tumor tissues compared to corresponding
normal tissues. For NTRK1, NTRK2 and NTRK3, the number of
tumors with significantly reduced expression was 20, 17, and 22,
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FIGURE 2

Genomic characterization of NTRK genes at the pan-cancer level. (A). Differential mMRNA expression of NTRK1/2/3 in tumor and corresponding normal
tissues. Gene expression is compared after Log2 (TPM+1) transformed. (B). Bubble plots demonstrate the correlation between NTRK genes expression and
methylation levels. The bubble size positively correlates with the significance of FDR. The black outline border indicates FDR<0.05. (C). Bubble plots depict the
methylation differences of NTRK genes between tumor and normal samples. Blue dots and red color indicate methylation downregulation and upregulation

in tumors, respectively. (D). Figure summarizes the correlations between CNV and NTRK genes expression in pan-cancer. (E). Percentage of cancers in which
NTRK1/2/3 expression has a potential impact on pathway activity is shown. Pathway A and | represent activation or inhibition of this pathway. (F). Pie chart showing
the percentage of different types of CNV in NTRK1/2/3 in a given cancer, with different colors representing different CNV types. (G). The relationship between
NTRK genes expression and patient prognosis (OS, DSS, PFI) in pan-cancer. TPM, transcripts per million; FDR, false discovery rate; CNV, copy number variation; OS,
overall survival; DSS, disease-specific survival; PFl, progression-free interval. *p < 0.05. **p < 0.01. ***p < 0.001. ns, no significance.
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