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Abstract: Background: Increased γ-glutamyl transpeptidase (GGT) levels can deplete plasma glu-
tathione, which in turn impairs immune regulation; however, evidence on GGT levels and post-
vaccine immunogenicity is lacking. Objective: To examine the association between GGT and SARS-
CoV-2 spike IgG antibodies. Methods: Participants were 1479 medical staff (aged 21 to 75 years) who
received a SARS-CoV-2 antibody test after their second vaccine and whose GGT levels were measured
before the vaccine rollout. Elevated and highly elevated GGT levels were defined as 51–80 and
≥81 U/L, respectively. Multivariable linear regression was used to calculate the means of SARS-CoV-
2 spike IgG. Results: In a basic model, both elevated and highly elevated GGT levels were associated
with significantly lower antibody titers. The ratio of mean (95% CI) was 0.83 (0.72–0.97) and 0.69
(0.57–0.84) for elevated and highly elevated GGT levels, respectively. However, these associations
were largely attenuated after additional adjustment for potential confounders. An inverse association
between GGT levels and antibody titers was found in women [0.70 (0.51–0.97)], normal-weight adults
[0.71 (0.51–0.98)], and non-drinkers [0.73 (0.46–1.14)] but not in men, overweight adults, and alcohol
drinkers. Conclusions: Circulating GGT concentrations were associated with the humoral immune
response after COVID-19 vaccination, but this relationship could be ascribed to confounders such as
sex, BMI, and alcohol drinking rather than GGT per se.
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1. Introduction

Clinical studies showed that the COVID-19 vaccine is effective in preventing severe
forms of COVID-19 [1]. Several studies examined the safety and immunogenicity of COVID-
19 vaccines among patients with comorbidities (e.g., obesity, diabetes, and cardiovascular
diseases) [2–4]. Since the liver has an important role in the adaptive/specific immune re-
sponse through the direct or indirect priming of T and B lymphocytes and defending against
harmful pathogens [5], liver dysfunction may interfere with vaccine-induced antibody
production. However, the evidence on individuals with liver dysfunction is not sufficient

γ-Glutamyl transpeptidase (GGT), an enzyme localized in the biliary poles of hep-
atocytes and cholangiocytes [6], is a clinical marker of liver injury [7,8]. Moreover, GGT
plays an important role in glutathione (GSH) metabolism by mitigating oxidative stress or
inflammation and regulating innate immunity [9–11]. However, increased levels of GGT
can deplete plasma GSH, which in turn impairs immune regulation [10,11]. Epidemio-
logical studies showed that an increase in the risk of non-communicable diseases (e.g.,
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diabetes, cardiovascular diseases, cancer, etc.) is associated with higher GGT levels [10,12].
Recent investigations also revealed a link between higher GGT levels and poor outcomes
of COVID-19 [13–15].

In the post-vaccine era, whether elevated GGT levels interfere with vaccine-induced
immunogenicity is of interest. To the best of our knowledge, only one study addressed
this issue and reported significantly lower SARS-CoV-2 IgG antibody titers among those
with higher GGT levels [16]. However, that study did not adjust for potentially important
confounders, including age, gender, body mass index (BMI), and alcohol drinking. It has
been reported that levels of GGT differ across age and gender [17,18] and are clinical mark-
ers of heavy alcohol drinking [19] and of abdominal fat distribution [20], all of which are
known determinants of vaccine-induced immunogenicity [21–23]. Thus, it remains elusive
whether the GGT-antibody association is confounded or modified by these variables.

Here, we investigated the association between SARS-CoV-2 spike antibody titers after
two doses of the BNT162b2 vaccine and pre-vaccinated GGT levels, considering potential
confounders such as gender, alcohol drinking, and obesity. We additionally examined
whether the association between GGT levels and antibody titers is modified by these factors.

2. Methods
2.1. Study Design

A repeat serological survey was launched among the staff of the National Center
for Global Health and Medicine (NCGM), Japan, to monitor the spread of SARS-CoV-2
infection. The details of the study design are available elsewhere [24]. In brief, partic-
ipants were asked to donate venous blood and answer a questionnaire on vaccination,
history of COVID-19, health-related lifestyle, etc. Anti-SARS-CoV-2 nucleocapsid (from all
surveys) and spike protein antibodies (from the second survey onward) were measured.
Information on biochemical data and disease history were retrieved from annual health
checkups conducted before the in-house vaccination program (Supplementary Figure S1).
Written informed consent was obtained from each participant, and the study procedure
was approved by the NCGM ethics committee.

2.2. Participants

For the present study, we used the data of the third survey (June 2021) conducted after
the completion of the in-house vaccination program (COVID-19 mRNA-LNP BNT162b2;
Pfizer-BioNTech) (Supplementary Figure S1). Of the 3072 workers invited to the survey,
2779 (90%) agreed to participate. Of these, 2474 participants had received two doses of
the vaccine at least 15 days before the survey. Of these, 1563 participants had 2020 health
checkup data for the study. We excluded 42 participants who had a history of COVID-19
(n = 8), tested positive with an anti-SARS-CoV-2 nucleocapsid protein assay (indicative
of previous infection) (n = 12), or had a history of liver disease (n = 3) or cancer (n = 19).
We then excluded those with missing data on GGT levels (n = 32), BMI (n = 9), or alcohol
drinking (n = 1), leaving 1479 participants (aged 21–75 years) for the analysis.

2.3. Assessment of GGT

GGT levels were measured using the Japan Society of Clinical Chemistry (JSCC)
standardization method (Kanto Chemical Co., Inc., Tokyo, Japan). We were not aware of
any standard criteria for assessing GGT levels. Following guidelines of the Japan Society of
Ningen Dock [25], we defined elevated (51–80 U/L) and highly elevated levels (≥81 U/L)
of GGT. We also categorized the participants into GGT level quartiles.

2.4. Measurements of SARS-CoV-2 Spike Antibody Titers

IgG against the SARS-CoV-2 spike protein was detected by performing the AdviseDx
SARS-CoV-2 IgG II assay using the Abbott ARCHITECT®, following the manufacturer’s
instructions [24]. The assay detects the IgG antibodies against the receptor-binding domain
(RBD) of the S1 subunit of the SARS-CoV-2 spike protein using a chemiluminescent mi-
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croparticle immunoassay (CMIA). The resulting chemiluminescence, expressed in relative
light units (RLU), indicates the strength of the response, which in turn reflects the quantity
of IgG-S present.

2.5. Assessment of Covariates

Since age [21], sex [21], BMI [22], smoking [26], alcohol consumption [23], and the
number of days after the 2nd vaccination [24] are potential modifiers of vaccine-induced
SARS-CoV-2 antibodies, we included those factors as covariates in our analysis. BMI was
computed as weight in kilograms divided by height in meters squared. Daily alcohol
consumption was estimated by the frequency (ranging from never to daily) and the amount
consumed per day (ranging from <0.5 to ≥4 go/day). In Japan, go (180 mL) is used as the
conventional unit to measure alcohol volume: 1 go of Japanese sake contains approximately
23 g of ethanol, which is equivalent to 500 mL of beer, 110 mL of shochu (25% alcohol
content), a double (60 mL) of whisky, or 180 mL of wine.

2.6. Statistical Analysis

Proportions and means were presented to show the background characteristics of
the study population according to the status of GGT level. We transformed GGT levels
and IgG spike antibody titers into a log scale before analysis. We employed a generalized
linear regression model to estimate the ratio of mean and geometric mean IgG titers
according to the status of GGT level. Model 1 was adjusted for the number of days
after the 2nd vaccination (days, continuous). Model 2 was additionally adjusted for
age (year, continuous) and sex (male or female). Model 3 was additionally adjusted for
cigarette smoking (yes or no), BMI (kg/m2, continuous), and alcohol drinking (non-drinker,
occasional drinker, <1 go/day, or ≥1 go/day). The estimates obtained were then back-
transformed to present the geometric mean titer (95% CI) and the ratio of mean (95% CI).
Additionally, we assessed antibody titers across GGT level quartiles. To examine whether
the association between GGT levels and antibody titers differs depending on gender, alcohol
drinking status, and being overweight (<23 kg/m2 or ≥23 kg/m2) according to the WHO
classification of BMI for Asians [27], we performed a series of stratified analyses with
these variables. Statistical significance was set at p < 0.05 for the trend. All analyses were
performed using the statistical software Stata version 17.0 (StataCorp LLC, College Station,
TX, USA).

3. Results

Table 1 shows participants’ characteristics according to GGT level status. Of partici-
pants, 5.2% and 3.3% had elevated and highly elevated GGT levels, respectively. Compared
with those with normal levels of GGT, those with highly elevated levels were older, more
likely to be male, smokers, and alcohol drinkers, and had a higher mean BMI, higher preva-
lence of dyslipidemia and diabetes, and higher median number of days after vaccination.

Table 1. Participants’ characteristics according to γ-glutamyl transpeptidase level status.

Γ-Glutamyl Transpeptidase

Normal Elevated Highly Elevated

Number of participants 1353 77 49
Age (mean ± SD, year) 32.8 ± 11.9 40.7 ± 11.4 43.2 ± 10.7

Men, n (%) 26.0 66.2 67.4
BMI (mean ± SD, kg/m2) 21.5 ± 3.2 24.5 ± 3.9 25.0 ± 3.0

Dyslipidemia, n (%) 22.3 46.7 73.5
Diabetes, n (%) 0.8 5.2 4.1

Current smoker, n (%) 6.7 13.0 8.2
Current alcohol drinker *, n (%) 36.7 68.8 73.5

Days after COVID-19 [median (IQR), days] 67 (55 to 70) 68 (43 to 70) 69 (62 to 70)

SD, standard deviation; IQR, interquartile range; BMI, body mass index. * More than 0 go/day alcohol drinking
was defined as current alcohol drinking.



Vaccines 2022, 10, 2142 4 of 7

As shown in (Table 2, Supplementary Figure S2), elevated and highly elevated GGT
levels were significantly associated with decreased SARS-CoV-2 spike IgG antibody titers
in a model adjusted for the duration after the second vaccination only (model 1). The
geometric mean (95% CI) SARS-CoV-2 spike antibody titers was 5581 AU/mL (5386–5784),
4662 AU/mL (4016–5413), and 3870 AU/mL (3209–4666) for normal, elevated, and highly
elevated GGT levels, respectively (p for trend < 0.001). The ratio of mean (95% CI) SARS-
CoV-2 spike antibody titers was 0.83 (0.72–0.97) and 0.69 (0.57–0.84) for elevated and
highly elevated GGT levels, respectively. However, these inverse associations were largely
attenuated after additional adjustment for age and sex (model 2) and smoking, BMI, and
alcohol drinking (model 3). The ratio of mean (95% CI) elevated and highly elevated GGT
levels was 1.02 (0.88–1.19) and 0.89 (0.74–1.07), respectively, in model 2 and 1.06 (0.91–1.23)
and 0.92 (0.76–1.10), respectively, in model 3. Similar results were found for GGT levels in
the highest quartiles (Table 3, Supplementary Figure S2).

Table 2. Geometric mean (GMT) (95% CI) and ratio of mean (95% CI) SARS-CoV-2 spike antibody
titers for each of the categories of γ-glutamyl transpeptidase level (according to the Japan Society of
Ningen Dock, 2022).

Number of
Participants

SARS-CoV-2 Spike IgG Antibodies

GMT (95% CI) Ratio of Mean (95% CI)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

γ-Glutamyl Transpeptidase

Normal 1353 5581
(5386–5784)

5477
(5295–5666)

5462
(5280–5651)

1.00
(Reference)

1.00
(Reference)

1.00
(Reference)

Elevated 77 4662
(4016–5413)

5609
(4852–6484)

5778
(4989–6690) 0.83 (0.72–0.97) 1.02 (0.88–1.19) 1.06 (0.91–1.23)

Highly
elevated 49 3870

(3209–4666)
4870

(4062–5837)
5010

(4172–6017) 0.69 (0.57–0.84) 0.89 (0.74–1.07) 0.92 (0.76–1.10)

p § for trend <0.001 0.37 0.67

CI, confidence interval; GMT, geometric mean titer. Values in bold are statistically significant. Model 1 was
adjusted for the number of days after the second vaccination (days, continuous). Model 2 was additionally
adjusted for age (year, continuous) and sex (male or female). Model 3 was additionally adjusted for cigarette
smoking (yes or no), BMI (kg/m2, continuous), and alcohol drinking (non-drinker, occasional drinker, <1 go/day,
or ≥1 go/day). § Based on linear regression analysis, assigning ordinal numbers to the γ-glutamyl transpeptidase
level categories.

Table 3. Geometric mean (GMT) (95% CI) and ratio of mean (95% CI) SARS-CoV-2 spike antibody
titers for each of the γ-glutamyl transpeptidase level quartiles (according to the Japan Society of
Ningen Dock, 2022).

Number of
Participants

[Median (U/L)]

SARS-CoV-2 Spike IgG Antibodies

GMT (95% CI) Ratio of Mean (95% CI)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Quartile 1 443 [13] 6363
(5983–6767)

5694
(5347–6063)

5618
(5273–5986)

1.00
(Reference)

1.00
(Reference)

1.00
(Reference)

Quartile 2 349 [16] 5630
(5253–6035)

5462
(5108–5840)

5405
(5053–5782) 0.88 (0.81–0.97) 0.96 (0.88–1.05) 0.96 (0.88–1.05)

Quartile 3 321 [22] 5237
(4872–5630)

5323
(4965–5707)

5365
(5004–5753) 0.82 (0.75–0.91) 0.93 (0.85–1.02) 0.95 (0.87–1.05)

Quartile 4 366 [39] 4579
(4279–4900)

5315
(4952–5705)

5419
(5037–5830) 0.72 (0.66–0.79) 0.93 (0.84–1.03) 0.96 (0.87–1.07)

p § for trend <0.001 0.14 0.44

CI, confidence interval; GMT, geometric mean titer. Values in bold are statistically significant. Model 1 was
adjusted for the number of days after the second vaccination (days, continuous). Model 2 was additionally
adjusted for age (year, continuous) and sex (male or female). Model 3 was additionally adjusted for cigarette
smoking (yes or no), BMI (kg/m2, continuous), and alcohol drinking (non-drinker, occasional drinker, <1 go/day,
or ≥1 go/day). § Based on linear regression analysis, assigning ordinal numbers to the γ-glutamyl transpeptidase
level quartiles.
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In the stratified analyses (Supplementary Table S1, Supplementary Figure S3), highly
elevated GGT levels were associated with lower SARS-CoV-2 spike antibody titers in
women but not in men. The ratio of mean (95% CI) highly elevated GGT levels was
0.70 (0.51–0.97) in women and 1.02 (0.81–1.29) in men. A significant inverse association
between GGT levels and SARS-CoV-2 spike antibody titers was observed among normal-
weight adults but not among overweight adults. The ratio of mean (95% CI) highly
elevated GGT levels was 0.71 (0.51–0.98) among normal-weight adults and 1.01 (0.80–1.30)
among overweight or obese adults. Antibody titers were decreased, albeit not statistically
significantly, among those with highly elevated GGT levels in alcohol non-drinkers but not
in alcohol drinkers.

4. Discussion

In the present study among hospital workers who completed two doses of the
BNT162b2 vaccine, those with higher GGT levels had lower mean SARS-CoV-2 spike
IgG antibody titers in the crude model. However, this association was largely attenuated
after multivariable adjustment. In the stratified analyses, highly elevated GGT levels were
associated with reduced SARS-CoV-2 spike IgG antibody titers in women, normal-weight
adults, and non-drinkers but not in men, overweight or obese adults, and alcohol drinkers.

Our finding of an inverse association between GGT levels and antibody titers in a
simple model is compatible with that of a Japanese study among vaccine recipients, which
reported significantly higher median GGT levels in a group with lower antibody titers
without adjustment for covariates [16]. However, the inverse association in our study was
largely attenuated after adjustment for age, gender, BMI, and alcohol drinking, which are
determinants of both GGT levels [17–20] and vaccine-induced immunogenicity [21–23].
This result suggests that the observed association observed in the simple model is largely
driven by these confounding variables.

In the stratified analyses, we found an inverse association between elevated GGT
levels and antibody titers in the subgroups with lower mean GGT levels (women, alcohol
non-drinkers, and normal-weight adults) but not in their counterparts. The reason for these
findings is unclear. We speculate that higher circulating levels of GGT reflect lower levels
of glutathione, which play an important role in immune response to viral infection [10,11],
only among those free of these determinants. Additional studies are required to confirm
whether GGT is a good marker of glutathione and thus associated with poor post-vaccine
antibody productions in a group of people without known determinants of GGT.

The strength of the present study includes its relatively large sample, adjustment for
a wide range of potential covariates, and measurement of GGT levels prior to vaccine
administration and antibody measurement, which precludes the possibility of reverse
causation. This study also has some limitations that warrant mentioning. First, we did
not measure neutralizing antibodies, which are reliable markers of the humoral immune
response. Nonetheless, spike antibody titers measured with the assay we employed were
well-correlated with the neutralizing antibody titers in vaccine recipients (Spearmen’s
rank correlation coefficient was 0.91 and 0.83 for the wild-type and Delta live virus, respec-
tively) [28]. Second, we did not measure cellular immune response, another key mechanism
of disease control and infection protection [29]. Finally, study participants were apparently
healthy, not primarily women (n = 16), alcohol non-drinkers (n = 8), and normal-weight
adults (n = 14) in the group with highly elevated GGT levels, so caution should be exercised
when generalizing these findings to other populations.

In summary, the inverse association between circulating GGT levels and SARS-CoV-
2 spike IgG antibody titers that was observed in a bivariable analysis was markedly
attenuated after adjustment for age, gender, BMI, and alcohol drinking, suggesting that
circulating GGT levels may not be independently associated with the humoral immune
response after vaccination. The inverse association between GGT levels and antibody titers
observed in the subgroups characterized by lower GGT levels (women, normal-weight
adults, or alcohol non-drinkers) requires confirmation.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines10122142/s1, Figure S1: Study design.; Figure S2: Ge-
ometric means of γ-glutamyl transpeptidase on the SARS-CoV-2 spike antibody titers.; Table S1:
Ratio of mean (95% CI) of SARS-CoV-2 spike antibody titers according to the status of γ-glutamyl
transpeptidase (according to the Japan Society of Ningen Dock. 2022) according to gender, drinking
status, and BMI. Figure S3: Geometric means of γ-glutamyl transpeptidase on the SARS-CoV-2 spike
antibody titers according to gender, alcohol drinking status, and body mass index (BMI) status.

Author Contributions: Conceptualization: T.M.; methodology: Y.O., N.I., and M.O.; formal analysis:
Z.I.; investigation: Z.I., S.Y., T.M., M.K., T.N., W.S., and N.O.; data curation: S.Y. and M.K.; visu-
alization: Z.I.; writing—original draft preparation: Z.I.; writing—review and editing: all authors;
supervision: T.M.; project administration: T.M.; funding acquisition: T.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the NCGM COVID-19 gift fund (grant number 19K059), the
Japan Health Research Promotion Bureau research fund (grant number 2020-B-09), and the National
Center for Global Health and Medicine (grant number 21A2013D).

Institutional Review Board Statement: The study protocol was approved by the Ethics Committee
of the NCGM, Japan (approval number: NCGM-G-003598; approval date: 20 May 2021).

Informed Consent Statement: Written informed consent was obtained from all participants prior
to enrollment.

Data Availability Statement: All data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Mika Shichishima for her contribution to data collection, the staff of
the Laboratory Testing Department for their contribution to measuring antibody testing, and Abbott
Japan Diagnostics for reagents for the anti-SARS-CoV-2 antibody assay.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

γ-Glutamyl transpeptidase: GGT; body mass index: BMI; Japan Society of Clinical Chem-
istry: JSCC.

References
1. Khandker, S.S.; Godman, B.; Jawad, M.I.; Meghla, B.A.; Tisha, T.A.; Khondoker, M.U.; Haq, M.A.; Charan, J.; Talukder, A.A.;

Azmuda, N. A systematic review on COVID-19 vaccine strategies, their effectiveness, and issues. Vaccines 2021, 9, 1387. [CrossRef]
[PubMed]

2. Naruse, H.; Ito, H.; Izawa, H.; Sarai, M.; Ishii, J.; Sakaguchi, E.; Murakami, R.; Ando, T.; Fujigaki, H.; Saito, K. Immunogenicity of
bnt162b2 mrna COVID-19 vaccine in patients with cardiovascular disease. J. Clin. Med. 2021, 10, 5498. [CrossRef] [PubMed]

3. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

4. Soetedjo, N.N.M.; Iryaningrum, M.R.; Lawrensia, S.; Permana, H. Antibody response following SARS-CoV-2 vaccination among
patients with type 2 diabetes mellitus: A systematic review. Diabetes Metab. Syndr. 2022, 16, 102406. [CrossRef] [PubMed]

5. Racanelli, V.; Rehermann, B. The liver as an immunological organ. Hepatology 2006, 43 (Suppl. 1), S54–S62. [CrossRef]
6. Castellano, I.; Merlino, A. Gamma-glutamyl transpeptidases: Structure and function. In Gamma-Glutamyl Transpeptidases; Springer:

Basel, Switzerland, 2013; pp. 1–57.
7. Alatalo, P.; Koivisto, H.; Puukka, K.; Hietala, J.; Anttila, P.; Bloigu, R.; Niemelä, O. Biomarkers of liver status in heavy drinkers,

moderate drinkers and abstainers. Alcohol Alcohol. 2009, 44, 199–203. [CrossRef] [PubMed]
8. Krishnamurthy, H.A. The serum gamma-glutamyl transpeptidase-a non-invasive diagnostic biomarker of chronic anicteric

non-alcoholic liver diseases. J. Clin. Diagn. Res. 2013, 7, 691.
9. Ghezzi, P. Role of glutathione in immunity and inflammation in the lung. Int. J. Gen. Med. 2011, 4, 105–113. [CrossRef]
10. Koenig, G.; Seneff, S. Gamma-glutamyltransferase: A predictive biomarker of cellular antioxidant inadequacy and disease risk.

Dis. Markers 2015, 2015, 818570. [CrossRef]
11. Lawrence, B.P.; Will, Y.; Reed, D.J.; Kerkvliet, N.I. γ-Glutamyltranspeptidase knockout mice as a model for understanding the

consequences of diminished glutathione on T cell-dependent immune responses. Eur. J. Immunol. 2000, 30, 1902–1910. [CrossRef]

https://www.mdpi.com/article/10.3390/vaccines10122142/s1
https://www.mdpi.com/article/10.3390/vaccines10122142/s1
http://doi.org/10.3390/vaccines9121387
http://www.ncbi.nlm.nih.gov/pubmed/34960133
http://doi.org/10.3390/jcm10235498
http://www.ncbi.nlm.nih.gov/pubmed/34884205
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1016/j.dsx.2022.102406
http://www.ncbi.nlm.nih.gov/pubmed/35104750
http://doi.org/10.1002/hep.21060
http://doi.org/10.1093/alcalc/agn099
http://www.ncbi.nlm.nih.gov/pubmed/19054785
http://doi.org/10.2147/IJGM.S15618
http://doi.org/10.1155/2015/818570
http://doi.org/10.1002/1521-4141(200007)30:7&lt;1902::AID-IMMU1902&gt;3.0.CO;2-A


Vaccines 2022, 10, 2142 7 of 7

12. Ndrepepa, G.; Kastrati, A. Gamma-glutamyl transferase and cardiovascular disease. Ann. Transl. Med. 2016, 4, 481. [CrossRef]
[PubMed]

13. Chen, T.; Wu, D.; Chen, H.; Yan, W.; Yang, D.; Chen, G.; Ma, K.; Xu, D.; Yu, H.; Wang, H.; et al. Clinical characteristics of
113 deceased patients with coronavirus disease 2019, retrospective study. BMJ 2020, 368, m1091. [CrossRef] [PubMed]

14. Liu, J.; Yu, C.; Yang, Q.; Yuan, X.; Yang, F.; Li, P.; Chen, G.; Liang, W.; Yang, Y. The clinical implication of gamma-glutamyl
transpeptidase in COVID-19. Liver Res. 2021, 5, 209–216. [CrossRef] [PubMed]

15. Shao, T.; Tong, Y.; Lu, S.; Jeyarajan, A.J.; Su, F.; Dai, J.; Shi, J.; Huang, J.; Hu, C.; Wu, L.; et al. Gamma-glutamyltransferase
elevation is frequent in patients with COVID-19, a clinical epidemiologic study. Hepatol. Commun. 2020, 4, 1744–1750. [CrossRef]
[PubMed]

16. Mitsunaga, T.; Ohtaki, Y.; Seki, Y.; Yoshioka, M.; Mori, H.; Suzuka, M.; Mashiko, S.; Takeda, S.; Mashiko, K. The evaluation of
factors affecting antibody response after administration of the BNT162b2 vaccine: A prospective study in Japan. PeerJ 2021, 9,
e12316. [CrossRef] [PubMed]

17. Chandrashekhar, G. Gender differences in liver function tests: A retrospective study Med. Res. Chronicles 2018, 5, 365–368.
[CrossRef]

18. Lee, D.H.; Buijsse, B.; Steffen, L.; Holtzman, J.; Luepker, R.; Jacobs, D.R., Jr. Association between serum gamma-
glutamyltransferase and cardiovascular mortality varies by age: The Minnesota Heart Survey. Eur. J. Cardiovasc. Prev.
Rehabil. 2009, 16, 16–20. [CrossRef]

19. Kim, E.; Yang, J.; Lee, H.; Park, J.-R.; Hong, S.-H.; Woo, H.-M.; Lee, S.; Seo, I.; Ryu, S.-M.; Cho, S.-J.; et al. γ-Glutamyl transferase
as an early and sensitive marker in ethanol-induced liver injury of rats. In Transplantation Proceedings; Elsevier: Amsterdam, The
Netherlands, 2014; pp. 1180–1185.

20. Coku, V.; Shkembi, X. Serum gamma-glutamyltransferase and obesity: Is there a link? Med. Arch. 2018, 72, 112–115. [CrossRef]
21. Giefing-Kröll, C.; Berger, P.; Lepperdinger, G.; Grubeck-Loebenstein, B. How sex and age affect immune responses, susceptibility

to infections, and response to vaccination. Aging Cell 2015, 14, 309–321. [CrossRef]
22. Yamamoto, S.; Mizoue, T.; Tanaka, A.; Oshiro, Y.; Inamura, N.; Konishi, M.; Ozeki, M.; Miyo, K.; Sugiura, W.; Sugiyama, H.

Sex–associated differences between body mass index and SARS-CoV-2 antibody titers following the BNT162b2 vaccine among
2435 healthcare workers in Japan. Obesity 2022, 30, 999–1003. [CrossRef]

23. Yamamoto, S.; Tanaka, A.; Ohmagari, N.; Yamaguchi, K.; Ishitsuka, K.; Morisaki, N.; Kojima, M.; Nishikimi, A.; Tokuda, H.;
Inoue, M.; et al. Use of heat-not-burn tobacco products, moderate alcohol drinking, and anti-SARS-CoV-2 IgG antibody titers
after BNT162b2 vaccination among Japanese healthcare workers. Prev. Med. 2022, 161, 107123. [CrossRef]

24. Yamamoto, S.; Maeda, K.; Matsuda, K.; Tanaka, A.; Horii, K.; Okudera, K.; Takeuchi, J.S.; Mizoue, T.; Konishi, M.; Ozeki, M.; et al.
COVID-19 breakthrough infection and post-vaccination neutralizing antibody among healthcare workers in a referral hospital in
Tokyo: A case-control matching study. Clin. Infect. Dis. 2021, ciab1048.

25. Dock. JSoN. 2018. Available online: https://www.ningen-dock.jp/wp/wp-content/uploads/2018/06/Criteria-category.pdf
(accessed on 13 July 2022).

26. Watanabe, M.; Balena, A.; Tuccinardi, D.; Tozzi, R.; Risi, R.; Masi, D.; Caputi, A.; Rossetti, R.; Spoltore, M.E.; Filippi, V.; et al.
Central obesity, smoking habit, and hypertension are associated with lower antibody titres in response to COVID-19 mRNA
vaccine. Diabetes Metab. Res. Rev. 2022, 38, e3465. [CrossRef] [PubMed]

27. Consultation, W.E. Appropriate body-mass index for Asian populations and its implications for policy and intervention strategies.
Lancet 2004, 363, 157–163.

28. Servellita, V.; Syed, A.M.; Morris, M.K.; Brazer, N.; Saldhi, P.; Garcia-Knight, M.; Sreekumar, B.; Khalid, M.M.; Ciling, A.; Chen,
P.Y.; et al. Neutralizing immunity in vaccine breakthrough infections from the SARS-CoV-2 Omicron and Delta variants. Cell
2022, 185, 1539–1548.e5. [CrossRef] [PubMed]

29. Tan, A.T.; Linster, M.; Tan, C.W.; Le Bert, N.; Chia, W.N.; Kunasegaran, K.; Zhuang, Y.; Tham, C.Y.; Chia, A.; Smith, G.J.; et al.
Early induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild disease in COVID-19
patients. Cell Rep. 2021, 34, 108728. [CrossRef]

http://doi.org/10.21037/atm.2016.12.27
http://www.ncbi.nlm.nih.gov/pubmed/28149843
http://doi.org/10.1136/bmj.m1091
http://www.ncbi.nlm.nih.gov/pubmed/32217556
http://doi.org/10.1016/j.livres.2021.09.001
http://www.ncbi.nlm.nih.gov/pubmed/34603826
http://doi.org/10.1002/hep4.1576
http://www.ncbi.nlm.nih.gov/pubmed/32838106
http://doi.org/10.7717/peerj.12316
http://www.ncbi.nlm.nih.gov/pubmed/34721989
http://doi.org/10.26838/MEDRECH.2018.5.5.438
http://doi.org/10.1097/HJR.0b013e32830aba5c
http://doi.org/10.5455/medarh.2017.72.112-115
http://doi.org/10.1111/acel.12326
http://doi.org/10.1002/oby.23417
http://doi.org/10.1016/j.ypmed.2022.107123
https://www.ningen-dock.jp/wp/wp-content/uploads/2018/06/Criteria-category.pdf
http://doi.org/10.1002/dmrr.3465
http://www.ncbi.nlm.nih.gov/pubmed/33955644
http://doi.org/10.1016/j.cell.2022.03.019
http://www.ncbi.nlm.nih.gov/pubmed/35429436
http://doi.org/10.1016/j.celrep.2021.108728

	Introduction 
	Methods 
	Study Design 
	Participants 
	Assessment of GGT 
	Measurements of SARS-CoV-2 Spike Antibody Titers 
	Assessment of Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	References

