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Tacrolimus is a calcineurin inhibitor characterized by a narrow therapeutic index and high
intra- and inter-individual pharmacokinetic variability. Therapeutic drug monitoring in
whole-blood is the standard monitoring procedure. However, tacrolimus extensively
binds to erythrocytes, and tacrolimus whole-blood distribution and whole-blood trough
concentrations are strongly affected by hematocrit. High whole-blood tacrolimus
concentrations at low hematocrit may result in high unbound plasma concentrations
and increased toxicity. We present the case of a 16-year-old girl with kidney and liver
transplant in whom low concentrations of tacrolimus in the context of low hematocrit led to
significant increase in the dosage of tacrolimus and participate, along with a genetic
polymorphism of ABCB1, in nephrotoxicity.
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INTRODUCTION

Tacrolimus is one of themost frequently prescribed immunosuppressant after solid organ transplant.
Because of its narrow therapeutic index, tacrolimus concentrations have to be maintained within the
therapeutic margin to achieve therapeutic immunosuppression andminimize toxicity (Böttiger et al.,
1999; Astellas Pharma US, 2012). Therapeutic drug monitoring (TDM) of tacrolimus trough
concentrations (Ct) performed in whole-blood is the standard procedure (Böttiger et al., 1999;
Astellas Pharma US, 2012).

High inter-individual variability in tacrolimus pharmacokinetic (PK) parameters and Ct is
observed after administration of a fixed dose of tacrolimus. Several clinical factors may influence
the PK of tacrolimus, such as type of organ transplanted, time since transplantation, age, sex, food
intake, concomitant treatments, liver and kidney dysfunction, as well as genetic factors such as
polymorphisms of the cytochromes P450 (CYP) 3A4/5 and drug transporter P-glycoprotein (P-gp).
As tacrolimus extensively binds to erythrocytes, tacrolimus whole-blood distribution and tacrolimus
whole blood concentration (TWBC) are strongly affected by hematocrit (Hct) (Staatz et al., 2010).
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We report, for the first time, the case of a pediatric patient who
developed severe tacrolimus toxicity despite subtherapeutic
TWBC, due to low Hct levels.

CASE

A 16-year-old girl known to have autosomal recessive polycystic
kidney disease with end-stage renal disease and liver fibrosis
received liver and kidney transplant, from the same deceased
donor. The postoperative immunosuppressive regimen consisted
of intravenous (IV) basiliximab (Simulect®), corticosteroids
(methylprednisone, prednisone), IV mycophenolate mofetil
(Cellcept®) and oral immediate-release tacrolimus
(Modigraf®). From the day following transplantation (day 1),
tacrolimus was given through a nasogastric tube as granules for
oral suspension at the initial dosing regimen of 5 mg/d
(0.1 mg/kg/d) in two daily doses, followed by dose adjustments
to reach the target TWBC of 7–12 μg/l (Roche Elecsys® electro-
chemiluminescence immunoassay–ECLIA), as recommended in
our institution. Mycophenolate mofetil was given at a dose of 2 g/
d. Steroids were given as follows: IV methylprednisone 500 mg
during surgery, 250 mg on the first postoperative day and 125 mg
on day 2, followed by oral prednisone with a reduction regimen
starting on day 3 at a dose of 80 mg/d as standard protocol for
liver and renal transplantation in our institution. Other standard
transplantation treatment consisted of IV piperaciline-
tazobactam followed by oral trimethoprim/sulfamethoxazole,
IV ganciclovir, oral omeprazole, oral labetalol, and IV

acetaminophen. A nasogastric tube was used to administer
oral drugs.

The post-operative period was complicated by significant
anemia due to hemorrhage during hepatectomy, requiring
blood transfusions at day 3 and intracerebral hemorrhage with
intracranial hypertension requiring sedation with IV propofol, IV
midazolam, IV morphine, IV rocuronium from day 8 to day 19,
as well as oral levetiracetam. An infected biloma was diagnosed
on day 15 by computed tomography with intravenous contrast
and treated by IV meropenem.

TWBC were highly variable during the first 10 postoperative
days; concentrations ranged from 6.1 to 24 µg/l with a dose of
2.4–5 mg/d. From day 11 to day 16, TWBC remained
subtherapeutic despite the increase in dose up to 12 mg/d (see
Table 1). On day 17 and 18, a therapeutic TWBC of 8.4 µg/l was
finally achieved with a dose of 10 mg/d. On day 18, the patient
developed a Stage 1 acute kidney injury based on Kidney Disease
Improving Global Outcome (KDIGO) consensus [Kidney
Disease: Improving Global Outcomes (KDIGO) Transplant
Work Group, 2012; Levey et al., 2020]. From day 19, due to a
suspicion of graft rejection, the dose was increased to 14 mg/d; on
day 20 methylprednisone 600 mg/d was introduced and TWBC
remained subtherapeutic. Renal biopsy on day 20 showed no sign
of graft rejection (including negative CD4 staining), but
confirmed severe acute tubular necrosis. On day 23, the
patient had other signs consistent with tacrolimus toxicity
such as hyperglycemia requiring insulin treatment, resistant
hypertension treated with oral labetolol and oral minoxidil,
and tremors. On day 23, despite the persistence of

TABLE 1 | Patient’s laboratory values and relevant clinical evolution.

Post-operative
day

Clinical
evolution

Tacrolimus
dose

Plasma
creatinine

GFR (modified
Schwartz)

Hct TWBC
(ECLIA)

Predicted
TWBC
for 40%

Hct

Units mg/d 44–80 µmol/
l

ml/min/1.73m2 % µg/l µg/l

Target/ref
ranges

36–46 7–12

d 0 Liver and kidney transplant
d 11 4.4 114 52 24.6 6.1 10.5
d 12 5.4 91 65 25.2 6.4 10.8
d 13 6 84 71 24.1 7.9 12.5
d 14 8 77 77 24.2 5.4 8.5
d 15 12 67 89 25.4 2.8 5
d 16 10 61 98 24.4 7.1 11.2
d 17 9 64 93 24 8.4 15
d 18 Acute kidney injury (stage 1) 10 92 65 23.4 8.4 15
d 19 Suspicion of graft rejection 12 108 55 24.2 5.8 9.8
d 20 No signs of graft rejection (renal biopsy) 14 110 54 23.5 3.9 7.3
d 22 14 114 52 21.5 5.7 11.5
d 23 Tremor, hypertension, hyperglycemia 10 116 52 19.6 5.8 11.5
d 24 10 115 52 24.6 5.4 8.7
d 25 10 103 58 24.9 4.6 7.3
d 26 9 97 61 24.6 6.4 11.5
d 27 8 88 68 25.3 4.9 8
d 30 Kidney recovery

Bold values indicates the highly supratherapeutic concentrations.
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subtherapeutic TWBC, in order to limit nephrotoxicity,
tacrolimus dosage was decreased to 10 mg/d.

Investigations were conducted to assess the causes of
tacrolimus toxicity despite a subtherapeutic TWBC. Patient’s
medical compliance was adequate and she was not taking any
over-the-counter medications. No PK interactions or the
presence of the biloma could explain the decreased TWBC
concentrations and signs of toxicity. TWBC measured by
ECLIA were confirmed using a liquid chromatography-mass
spectrometry (LC/MS) method to exclude an analytical
interference. The potential inducing effect of
methylprednisolone and prednisone on CYP3A (Anglicheau
et al., 2003) was not correlated with the sudden drop in
TWBC. CYP3A4, CYP3A5 and ABCB1 genotyping (c.
3435T>C and c.2677T>G/A) were performed on the DNA of

the donor and recipient. CYP3A phenotyping was performed on
the recipient with midazolam as a probe drug and measurement
of the OH-midazolam/midazolam metabolic ratio. The donor
and the recipient had CYP3A4 normal activity and were CYP3A5
non expressors. Genotyping of the ABCB1 gene encoding
P-glycoprotein (P-gp) revealed that the donor was a
heterozygous carrier of the c. 3435T>C polymorphism.
Although this genetic polymorphism is associated with a
decrease in P-gp activity of the transplanted organ, no study
has shown an impact of this genotype on tacrolimus
concentrations (Yan et al., 2016).

Because of a persistent anemia with an Hct value of less than
25%, the nomograph of “predicted tacrolimus plasma
concentrations corrected for Hct” published by Schijvens et al.
(2019), which described the relationship between TWBC and

FIGURE 1 | Nomograph of predicted tacrolimus plasma concentrations corrected for hematocrit. (A) Schijvens’ nomograph (B) Use of the Schijvens’ nomograph
to convert the measured TWBC (5.4 µg/l with 24.6% Hct) on day 24 to [B(i)] predicted tacrolimus plasma concentration and [B(ii)] predicted TWBC for 40% Hc.
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plasma tacrolimus concentrations for different Hct levels, was
used to correct the TWBC (see Figure 1A). Predicted TWBC for
40% Hct revealed supratherapeutic concentrations (15 µg/l) on
day 17 and 18 as well as high concentrations (11.5 µg/l) on day 22
and 23. Tacrolimus plasma concentrations were measured on day
24 by LC/MS and compared to the tacrolimus plasma
concentrations predicted by the nomograph to assess the
method’s accuracy (Figure 1B).

Based on the biopsy, clinical and laboratory findings, and
retrospective determination of the predicted TWBC based on Hct
values, we concluded that despite low tacrolimus TWBC,
tacrolimus toxicity with nephrotoxicity, hyperglycemia and
tremor were explained by a higher unbound fraction of
tacrolimus.

After the tacrolimus dosage was adjusted on the basis of the
predicted Hct-corrected TWBC, renal function began to recover
and tremors decreased. Normal renal function was restored by
day 30; insulin was progressively decreased and discontinued by
day 41.

DISCUSSION

Oral absorption of tacrolimus is incomplete and influenced by
food intake (Astellas Pharma US, 2012). Once absorbed,
tacrolimus is primarily metabolized by CYP3A4/5 and
distributed mainly into erythrocytes (Astellas Pharma US, 2012).

Tacrolimus is 85–98% bound to erythrocytes (Beysens et al.,
1991; Trull, 1998; Steven, 2001). In plasma, tacrolimus is 99%
bound, mainly to albumin and α-1-glycoprotein acid. This results
in a free/unbound fraction in blood of less than 1% (Zahir et al.,
2004). In addition to the type of transplanted organ, time since
transplantation, age and sex, concomitant food consumption,
changes in CYP3A4/5 activity, due to genetic polymorphisms or
drug-drug interactions, as well as Hct levels have been shown to
influence the PK of tacrolimus (Undre and Schäfer, 1998; Zhao
et al., 2009; Staatz et al., 2010; Astellas Pharma US, 2012).

Tacrolimus is substrate of the P-gp, a multidrug efflux carrier
expressed in many tissues, including the kidney, liver and
intestine (Sikma et al., 2015). Intestinal P-gp has been shown
to influence tacrolimus absorption (Masuda et al., 2005) while
renal P-gp is not affecting tacrolimus blood concentrations but is
rather linked to intracellular concentrations (Yan et al., 2016).

Tacrolimus metabolites are excreted 95% in the bile and only
2% in the urine (Möller et al., 1999). Although biliary obstruction
or biloma could hypothetically impair biliary excretion of
tacrolimus, reports in the literature are scarce and biliary flow
has shown little effect on the PK of oral tacrolimus (Böttiger et al.,
2002).

Tacrolimus TDM has been shown to be effective in reducing
toxicity as well as preventing graft rejection (Staatz et al., 2001).
Therapeutic tacrolimus target concentrations are based on
empirical observations in adult transplant recipients. Because
the concentration of the unbound fraction of tacrolimus
represents the pharmacologically active drug and the fraction
in equilibrium with the tissue concentration, unbound tacrolimus
plasma concentrations would be the adequate surrogate for

predicting clinical outcomes and dose adjustment.
Measurement of total tacrolimus in plasma would be another
possible alternative, as studies have shown a linear relationship
between total and unbound tacrolimus plasma concentrations
(Sikma et al., 2020). However, TWBC measurement is the gold-
standard for tacrolimus TDM. The reasons for this are mainly
technical: 1) The higher drug concentrations in whole blood than
in plasma allows for easier quantification; 2) whole blood/plasma
distribution ratio is affected by temperature; 3) plasma tacrolimus
concentrations are vulnerable to hemolysis (Størset et al., 2014).
In addition, to date, there are no validated methods or target
concentrations for unbound or total tacrolimus in plasma
(Machida et al., 1991; Sikma et al., 2020).

Numerous studies have previously identified Hct as a key
factor in the interpretation of TWBC (Jusko et al., 1995; Størset
et al., 2014; Sikma et al., 2020). As tacrolimus is a drug with a low
hepatic extraction coefficient, when Hct increases, whole blood
concentrations are expected to increase, with unbound
concentrations remaining unchanged. With high Hct,
downward adjustment of the dosage may result in decreased
unbound concentrations and graft rejection (Zahir et al., 2004;
Zahir et al., 2004). Conversely, low Hct levels may result in
decreased whole blood concentrations without affecting the
unbound plasma concentration (Undre and Schäfer, 1998;
Zheng et al., 2012; Hebert et al., 2013; Størset et al., 2014;
Sikma et al., 2020). The risk in this low Hct situation, is
misinterpretation of subtherapeutic TWBC leading to an
unnecessary or even dangerous increase in dose and toxicity
(Sikma et al., 2020).

A few studies have developed PK models, equations and/or
nomographs to integrate Hct in the interpretation of TWBC
measurements (Størset et al., 2014; Sikma et al., 2020).

Storset et al. (2014) developed a population PK model and an
equation to ‘normalize’ the TWBC to 45% Hct. In a paediatric
study including 36 children (255 samples), Schijvens et al. (2019)
developed an equation that integrates TWBC and Hct values, and
transformed the usual whole blood target concentrations into
predicted target concentrations according to Hct. They also
developed a nomograph that defines the relationship between
TWBC and plasma tacrolimus concentrations for different Hct
and predicts the plasma tacrolimus concentration for
different Hct.

Nephrotoxicity is a very common adverse effect of tacrolimus
(Randhawa et al., 1997). It has been shown to correlate with the
administered dose of tacrolimus, tacrolimus plasma
concentrations above the TWBC and local renal exposure to
tacrolimus (Bentata, 2020; Sikma et al., 2020). Tacrolimus
overexposure also increases the risk of neurotoxicity, post-
transplant diabetes, gastrointestinal complaints and
hypertension (Zahir et al., 2004; Yuan et al., 2009; Stienstra
et al., 2016).

The deterioration of renal function frequently observed in
patients after transplantation is most often multifactorial, favored
by sepsis, hypovolemia, inflammatory phenomena and the
administration of nephrotoxic agents such as tacrolimus
(Sharma et al., 2009; Leroy et al., 2010); this is most likely the
case in our patient who was hypovolemic and had received a
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contrast agent. Furthermore, with regard to tacrolimus, in
addition to the high doses she had received, ABCB1 genetics
of the donor may have affected the risk of nephrotoxicity. The
ABCB1 CT c.3435 predicts reduced P-gp functionality at the graft
level and thus could theoretically have participated in the
intraparenchymal accumulation of tacrolimus (Hauser et al.,
2005). Although still controversial in the literature, this variant
has been associated with decreased renal function at 1, 3 and
6 months and 1 year after transplantation (p < 0.01) when the
graft carries the CT or TT genotypes compared with CC (Tavira
et al., 2015; Sallustio et al., 2021).

Determination of tacrolimus plasma concentrations in our
patient could have prevented dose increase and involvement in
acute nephrotoxicity, as well as the development of hypertension,
hyperglycemia and neurotoxicity.

CONCLUSION

Our case report illustrates how low Hct can lead to
misinterpretation of subtherapeutic tacrolimus concentrations,
subsequently leading to a dangerous dose increase and risk of
toxicity.

Due to the absence of analytical methods to measure unbound
tacrolimus, as well as validated methods to determine the Hct-
corrected whole blood concentration, the gold standard for TDM
remains the measurement of TWBC. In practice, when
prescribing tacrolimus, the risk of toxicity in case of low Hct

should be kept in mind, even when TWBC are within target
concentrations. In situations of low Hct, we recommend aiming
for the lower therapeutic level.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

Written informed consent was obtained from the individual(s),
and minor(s)’ legal guardian/next of kin, for the publication of
any potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

AP-Z and FR contributed to conception and design, collection of
clinical data, writing and editing the manuscript. CS, AD, and NR
critically reviewed the manuscript for important intellectual
content and suggested valuable comments, which improved
the quality of the manuscript. PL was responsible for the
laboratory analyses and critically revised the manuscript. All
authors read and approved the final manuscript.

REFERENCES

Anglicheau, D., Flamant, M., Schlageter, M. H., Martinez, F., Cassinat, B., Beaune,
P., et al. (2003). Pharmacokinetic Interaction between Corticosteroids and
Tacrolimus after Renal Transplantation. Nephrol. Dial. Transplant. 18 (11),
2409–2414. doi:10.1093/ndt/gfg381

Astellas Pharma US (2012). Prograf (Tacrolimus) Prescribing Information. Illinois,
US: Astellas Pharma US. Available at: https://www.accessdata.fda.gov/
drugsatfda_docs/label/2012/050709s031lbl.pdf

Bentata, Y. (2020). Tacrolimus: 20 Years of Use in Adult Kidney Transplantation.
WhatWe Should Know about its Nephrotoxicity. Artif. Organs 44 (2), 140–152.
doi:10.1111/aor.13551

Beysens, A. J., Wijnen, R. M., Beuman, G. H., van der Heyden, J., Kootstra, G., and
van As, H. (1991). FK 506: Monitoring in Plasma or in Whole Blood? Transpl.
Proc 23 (6), 2745–2747.

Böttiger, Y., Brattström, C., Tydén, G., Säwe, J., and Groth, C. G. (1999).
Tacrolimus Whole Blood Concentrations Correlate Closely to Side-Effects in
Renal Transplant Recipients. Br. J. Clin. Pharmacol. 48 (3), 445–448.
doi:10.1046/j.1365-2125.1999.00007.x

Böttiger, Y., Undre, N. A., Säwe, J., Stevenson, P. J., and Ericzon, B. G. (2002). Effect
of Bile Flow on the Absorption of Tacrolimus in Liver Allograft
Transplantation. Transplant. Proc. 34 (5), 1544–1545. doi:10.1016/s0041-
1345(02)03013-0

Hauser, I. A., Schaeffeler, E., Gauer, S., Scheuermann, E. H., Wegner, B.,
Gossmann, J., et al. (2005). ABCB1 Genotype of the Donor but Not of the
Recipient Is a Major Risk Factor for Cyclosporine-Related Nephrotoxicity after
Renal Transplantation. JASN 16 (5), 1501–1511. doi:10.1681/asn.2004100882

Hebert, M. F., Zheng, S., Hays, K., Shen, D. D., Davis, C. L., Umans, J. G., et al.
(2013). Interpreting Tacrolimus Concentrations during Pregnancy and
Postpartum. Transplantation 95 (7), 908–915. doi:10.1097/
tp.0b013e318278d367

Jusko, W. J., Piekoszewski, W., Klintmalm, G. B., Shaefer, M. S., Hebert, M. F.,
Piergies, A. A., et al. (1995). Pharmacokinetics of Tacrolimus in Liver
Transplant Patients*. Clin. Pharmacol. Ther. 57 (3), 281–290. doi:10.1016/
0009-9236(95)90153-1

Kidney Disease: Improving Global Outcomes (KDIGO) Transplant Work Group
(2012). KDIGOClinical Practice Guideline for Acute Kidney Injury.Kidney Int.
Suppl. 2, 1. doi:10.1038/kisup.2012.1

Leroy, S., Isapof, A., Fargue, S., Fakhoury, M., Bensman, A., Deschênes, G., et al.
(2010). Tacrolimus Nephrotoxicity: Beware of the Association of Diarrhea,
Drug Interaction and Pharmacogenetics. Pediatr. Nephrol. 25 (5), 965–969.
doi:10.1007/s00467-009-1402-8

Levey, A. S., Eckardt, K. U., Dorman, N. M., Christiansen, S. L., Hoorn, E. J.,
Ingelfinger, J. R., et al. (2020). Nomenclature for Kidney Function and Disease:
Report of a Kidney Disease: Improving Global Outcomes (KDIGO) Consensus
Conference. Kidney Int. 97 (6), 1117–1129. doi:10.1016/j.kint.2020.02.010

Machida, M., Takahara, S., Ishibashi, M., Hayashi, M., Sekihara, T., and Yamanaka,
H. (1991). Effect of Temperature and Hematocrit on Plasma Concentration of
FK 506. Transpl. Proc 23 (6), 2753–2754.

Masuda, S., Goto, M., Okuda, M., Ogura, Y., Oike, F., Kiuchi, T., et al. (2005). Initial
Dosage Adjustment for Oral Administration of Tacrolimus Using the Intestinal
MDR1 Level in Living-Donor Liver Transplant Recipients. Transplant. Proc. 37
(4), 1728–1729. doi:10.1016/j.transproceed.2005.02.081

Möller, A., Iwasaki, K., Kawamura, A., Teramura, Y., Shiraga, T., Hata, T., et al.
(1999). The Disposition of 14C-Labeled Tacrolimus after Intravenous and Oral
Administration in Healthy Human Subjects. Drug Metab. Dispos 27 (6),
633–636.

Randhawa, P. S., Starzl, T. E., and Demetris, A. J. (1997). Tacrolimus (FK506)-
Associated Renal Pathology. Adv. Anat. Pathol. 4 (4), 265–276. doi:10.1097/
00125480-199707000-00032

Sallustio, B. C., Noll, B. D., Hu, R., Barratt, D. T., Tuke, J., Coller, J. K., et al. (2021).
Tacrolimus Dose, Blood Concentrations and Acute Nephrotoxicity, but Not
CYP3A5/ABCB1 Genetics, Are Associated with Allograft Tacrolimus

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7171485

Piletta-Zanin et al. Low Hematocrit Tacrolimus Toxicity

https://doi.org/10.1093/ndt/gfg381
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/050709s031lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/050709s031lbl.pdf
https://doi.org/10.1111/aor.13551
https://doi.org/10.1046/j.1365-2125.1999.00007.x
https://doi.org/10.1016/s0041-1345(02)03013-0
https://doi.org/10.1016/s0041-1345(02)03013-0
https://doi.org/10.1681/asn.2004100882
https://doi.org/10.1097/tp.0b013e318278d367
https://doi.org/10.1097/tp.0b013e318278d367
https://doi.org/10.1016/0009-9236(95)90153-1
https://doi.org/10.1016/0009-9236(95)90153-1
https://doi.org/10.1038/kisup.2012.1
https://doi.org/10.1007/s00467-009-1402-8
https://doi.org/10.1016/j.kint.2020.02.010
https://doi.org/10.1016/j.transproceed.2005.02.081
https://doi.org/10.1097/00125480-199707000-00032
https://doi.org/10.1097/00125480-199707000-00032
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Concentrations in Renal Transplant Recipients. Br. J. Clin. Pharmacol.
doi:10.1111/bcp.14806

Schijvens, A. M., van Hesteren, F. H. S., Cornelissen, E. A. M., Bootsma-Robroeks,
C. M. H. H. T., Brüggemann, R. J. M., Burger, D. M., et al. (2019). The Potential
Impact of Hematocrit Correction on Evaluation of Tacrolimus Target Exposure
in Pediatric Kidney Transplant Patients. Pediatr. Nephrol. 34 (3), 507–515.
doi:10.1007/s00467-018-4117-x

Sharma, P., Welch, K., Eikstadt, R., Marrero, J. A., Fontana, R. J., and Lok, A. S.
(2009). Renal Outcomes after Liver Transplantation in the Model for End-Stage
Liver Disease Era. Liver Transpl. 15 (9), 1142–1148. doi:10.1002/lt.21821

Sikma, M. A., Hunault, C. C., Huitema, A. D. R., De Lange, D. W., and Van
Maarseveen, E. M. (2020). Clinical Pharmacokinetics and Impact of Hematocrit
on Monitoring and Dosing of Tacrolimus Early after Heart and Lung
Transplantation. Clin. Pharmacokinet. 59 (4), 403–408. doi:10.1007/s40262-
019-00846-1

Sikma, M. A., VanMaarseveen, E. M., Hunault, C. C., Moreno, J. M., Van de Graaf,
E. A., Kirkels, J. H., et al. (2020). Unbound Plasma, Total Plasma, and Whole-
Blood Tacrolimus Pharmacokinetics Early after Thoracic Organ
Transplantation. Clin. Pharmacokinet. 59 (6), 771–780. doi:10.1007/s40262-
019-00854-1

Sikma, M. A., vanMaarseveen, E. M., van de Graaf, E. A., Kirkels, J. H., Verhaar, M.
C., Donker, D. W., et al. (2015). Pharmacokinetics and Toxicity of Tacrolimus
Early after Heart and Lung Transplantation. Am. J. Transplant. 15 (9),
2301–2313. doi:10.1111/ajt.13309

Staatz, C. E., Goodman, L. K., and Tett, S. E. (2010). Effect of CYP3A and ABCB1
Single Nucleotide Polymorphisms on the Pharmacokinetics and
Pharmacodynamics of Calcineurin Inhibitors: Part I. Clin. Pharmacokinet.
49 (4), 207–221. doi:10.2165/11317350-000000000-00000

Staatz, C., Taylor, P., and Tett, S. (2001). Low Tacrolimus Concentrations and
Increased Risk of Early Acute Rejection in Adult Renal Transplantation.
Nephrol. Dial. Transpl. 16 (9), 1905–1909. doi:10.1093/ndt/16.9.1905

Steven, H. Y. W. (2001). Therapeutic Drug Monitoring for Immunosuppressants.
Clinica Chimica Acta. Int. J. Clin. Chem. 23 (6), 2745–2747. doi:10.1016/s0009-
8981(01)00678-7

Stienstra, N. A., Sikma, M. A., van Dapperen, A. L., de Lange, D. W., and van
Maarseveen, E. M. (2016). Development of a Simple and Rapid Method to
Measure the Free Fraction of Tacrolimus in Plasma Using Ultrafiltration and LC-
MS/MS. Ther. Drug Monit. 38 (6), 722–727. doi:10.1097/ftd.0000000000000351

Størset, E., Holford, N., Midtvedt, K., Bremer, S., Bergan, S., and Åsberg, A.
(2014). Importance of Hematocrit for a Tacrolimus Target Concentration
Strategy. Eur. J. Clin. Pharmacol. 70 (1), 65–77. doi:10.1007/s00228-013-
1584-7

Tavira, B., Gómez, J., Díaz-Corte, C., Coronel, D., Lopez-Larrea, C., Suarez, B., et al.
(2015). The Donor ABCB1 (MDR-1) C3435T Polymorphism Is a Determinant
of the Graft Glomerular Filtration Rate Among Tacrolimus Treated Kidney
Transplanted Patients. J. Hum. Genet. 60 (5), 273–276. doi:10.1038/jhg.2015.12

Trull, A. K. (1998). Therapeutic Monitoring of Tacrolimus. Ann. Clin. Biochem. 35
(2), 167–180. doi:10.1177/000456329803500201

Undre, N. A., and Schäfer, A. (1998). Factors Affecting the Pharmacokinetics of
Tacrolimus in the First Year after Renal Transplantation. Transplant. Proc. 30
(4), 1261–1263. doi:10.1016/s0041-1345(98)00234-6

Yan, L., Li, Y., Tang, J.-T., An, Y.-F., Wang, L.-L., and Shi, Y.-Y. (2016). Donor
ABCB1 3435 C>T Genetic Polymorphisms Influence Early Renal Function in
Kidney Transplant Recipients Treated with Tacrolimus. Pharmacogenomics 17
(3), 249–257. doi:10.2217/pgs.15.165

Yuan, H., Xi, L. Y., Zhu, L. J., Huang, Z. J., and Yang, G. P. (2009). Relation between
Blood Pressure and Dose, Plasma Concentration of Tacrolimus in Patients with
Renal Transplantation. Int. J. Cardiol. 137 (S95), 321. doi:10.1016/
j.ijcard.2009.09.321

Zahir, H., McCaughan, G., Gleeson, M., Nand, R. A., and McLachlan, A. J. (2004).
Factors Affecting Variability in Distribution of Tacrolimus in Liver Transplant
Recipients. Br. J. Clin. Pharmacol. 57 (3), 298–309. doi:10.1046/j.1365-
2125.2003.02008.x

Zahir, H., McCaughan, G., Gleeson, M., Nand, R. A., and McLachlan, A. J. (2004).
Changes in Tacrolimus Distribution in Blood and Plasma Protein Binding
Following Liver Transplantation. Ther. Drug Monit. 26 (5), 506–515.
doi:10.1097/00007691-200410000-00008

Zhao, W., Elie, V., Roussey, G., Brochard, K., Niaudet, P., Leroy, V., et al. (2009).
Population Pharmacokinetics and Pharmacogenetics of Tacrolimus in De Novo
Pediatric Kidney Transplant Recipients. Clin. Pharmacol. Ther. 86 (6), 609–618.
doi:10.1038/clpt.2009.210

Zheng, S., Easterling, T. R., Umans, J. G., Miodovnik, M., Calamia, J. C., Thummel,
K. E., et al. (2012). Pharmacokinetics of Tacrolimus during Pregnancy. Ther.
Drug Monit. 34 (6), 660–670. doi:10.1097/ftd.0b013e3182708edf

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Piletta-Zanin, De Mul, Rock, Lescuyer, Samer and Rodieux. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7171486

Piletta-Zanin et al. Low Hematocrit Tacrolimus Toxicity

https://doi.org/10.1111/bcp.14806
https://doi.org/10.1007/s00467-018-4117-x
https://doi.org/10.1002/lt.21821
https://doi.org/10.1007/s40262-019-00846-1
https://doi.org/10.1007/s40262-019-00846-1
https://doi.org/10.1007/s40262-019-00854-1
https://doi.org/10.1007/s40262-019-00854-1
https://doi.org/10.1111/ajt.13309
https://doi.org/10.2165/11317350-000000000-00000
https://doi.org/10.1093/ndt/16.9.1905
https://doi.org/10.1016/s0009-8981(01)00678-7
https://doi.org/10.1016/s0009-8981(01)00678-7
https://doi.org/10.1097/ftd.0000000000000351
https://doi.org/10.1007/s00228-013-1584-7
https://doi.org/10.1007/s00228-013-1584-7
https://doi.org/10.1038/jhg.2015.12
https://doi.org/10.1177/000456329803500201
https://doi.org/10.1016/s0041-1345(98)00234-6
https://doi.org/10.2217/pgs.15.165
https://doi.org/10.1016/j.ijcard.2009.09.321
https://doi.org/10.1016/j.ijcard.2009.09.321
https://doi.org/10.1046/j.1365-2125.2003.02008.x
https://doi.org/10.1046/j.1365-2125.2003.02008.x
https://doi.org/10.1097/00007691-200410000-00008
https://doi.org/10.1038/clpt.2009.210
https://doi.org/10.1097/ftd.0b013e3182708edf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Case Report: Low Hematocrit Leading to Tacrolimus Toxicity
	Introduction
	Case
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


