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1  |  INTRODUC TION

Sepsis continues to represent a common cause of morbidity and 
mortality in neonatal foals and adult horses (Arroyo et al., 2017; 
Macias-Rioseco et al., 2020; Peek et al., 2006; Wong et al., 2018). 
The dysregulated host response to microbial invasion, termed sys-
temic inflammatory response syndrome (SIRS), can lead to rapid de-
terioration in the face of pathogen control. Current therapy focuses 
on broad-spectrum antimicrobial treatment and fluid resuscitation, 
but this is often inadequate in reversing the catastrophic effects 
of SIRS. During SIRS, pro-inflammatory cytokines are produced in 

excess and trigger release of acute phase proteins from the liver. 
Collectively, these inflammatory mediators act on endothelial cells 
to cause vasodilation and increased vascular permeability, which 
lead to tissue hypoxia and lactic acidosis (Joffre et al., 2020; Peters 
et al., 2003). Activation of the immune system is accompanied by a 
complex chain of redox events that include generation of reactive 
oxygen species (ROS), particularly by neutrophils (Woodfin et al., 
2016). Thiamine (Vitamin B1) is a vital co-factor for many cellular 
metabolic processes, including aerobic metabolism and ROS clear-
ance (Costa et al., 2014; Frank et al., 2007). Thiamine deficiency 
is common in septic humans and is associated with refractory 
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Abstract
Thiamine is a vital co-factor for several anti-inflammatory and antioxidant processes 
that are critical for mitigation of sepsis-associated inflammation, but pharmacokinetic 
(PK) analysis has not been reported in horses. We hypothesized that IV thiamine 
hydrochloride (TH) at increasing dosages would result in corresponding increases 
in plasma thiamine concentrations without causing adverse effects. A randomized 
cross-over study was performed in 9 healthy horses that each received TH at 5, 10, 
and 20 mg/kg IV. Blood was collected immediately prior to drug administration and 
at several time points thereafter. High-performance liquid chromatography with mass 
spectrometry was used to quantify thiamine concentrations at each time point. Non-
compartmental PK methods showed that IV TH resulted in supraphysiologic plasma 
concentrations with a short half-life (0.77–1.12 h) and no adverse clinical signs were 
observed. The terminal rate constant decreased as the dosage increased (p < .0001) 
and clearance significantly decreased at the 20 mg/kg dosage (p = .0011). The area 
under the curve (AUC) increased in a non-linear fashion. These findings suggest that 
thiamine follows non-linear elimination kinetics in horses, which is likely due to satu-
ration of renal elimination. Future studies are needed to identify therapeutic plasma 
concentrations and develop thiamine dosing recommendations for horses.
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lactic acidosis and death (Woolum et al., 2018). Thiamine supple-
mentation improves neutrophil phagocytosis in sheep (Olkowski 
et al., 1990) and reduces the risk of renal damage in septic humans 
(Moskowitz et al., 2017). Furthermore, thiamine administration 
within 24 h of admission in human patients with sepsis is associated 
with improved lactate clearance and survival compared to controls 
(Woolum et al., 2018).

Depletion of endogenous thiamine and ascorbic acid (Vitamin 
C) has been documented in septic humans, (Attaluri et al., 2018; 
Donnino et al., 2010; Lima et al., 2011; Schorah et al., 1996; Wilson, 
2009) and endogenous serum cortisol concentrations are often in-
adequate for the degree of illness (Marik, 2007; Soni et al., 1995). 
Therefore, administration of thiamine hydrochloride (TH), ascorbic 
acid, and hydrocortisone has been shown to dampen inflammation 
and improve survival in septic humans (Kim et al., 2018; Marik et al., 
2017). This combination therapy, termed “metabolic resuscitation,” 
might also benefit septic horses, but data are lacking. In horses, en-
dogenous ascorbic acid depletion has been reported after IV lipo-
polysaccharide (LPS) infusion in the majority of subjects, (Anderson 
et al., 2020) and critical illness-related cortisol insufficiency is com-
mon in septic horses; (Anderson et al., 2020; Hart & Barton, 2011; 
Stewart et al., 2019) however, it is unknown whether or not thiamine 
depletion occurs in sick horses.

Thiamine hydrochloride has been used as adjunctive treatment 
for several conditions in the horse, including neurological and renal 
diseases, but specific therapeutic effects and therapeutic plasma 
thiamine concentrations have not been determined (Holbrook 
et al., 2007; Loew, 1973; Steele, 1948; Wilkins et al., 1994). In 
addition, an appropriate dosage of TH for use in the horse has 
not been established. Finally, TH has been reported to cause ana-
phylactic reactions in ruminants and humans when administered 
IV, (Cebra & Cebra, 2004; McLaughlin et al., 2003; Stephen et al., 
1992; Thomson et al., 2019) but adverse effects of IV TH admin-
istration have not been adequately studied in horses. Therefore, 
the objectives of the study reported here were to evaluate the 
pharmacokinetic profile of thiamine in healthy adult horses after 
single IV dose administration at three dosage levels (5, 10, and 
20 mg/kg) and to investigate the potential adverse effects after 
IV TH administration.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and experimental design

Nine adult horses from a university teaching herd were deter-
mined to be healthy based on physical examination, complete 
blood count (CBC), and serum biochemical analysis (SBA). A re-
peated Latin square design was used to ensure that each horse 
received each drug dosage (5, 10, and 20  mg/kg). Horses were 
randomly assigned a number (1 through 9) and divided into groups 
of 3. Each dosage was randomly assigned to each horse. Each of 
the 3 treatment trials was staggered over the course of 3 days. All 

horses were fed free-choice grass hay during each treatment trial 
and turned out on pasture between trials. The horses consisted of 
6 geldings and 3 mares that ranged in age from 13 to 18 years, with 
a mean of 16 ± 2 years. Five breeds were represented, including 
3 Quarter Horses, 2 Thoroughbreds, 2 Warmbloods, 1 Saddlebred 
and 1 Standardbred. The horses weighed 445–641  kg and were 
weighed immediately prior to the start of each treatment trial to 
ensure accurate dosing. All horses gained weight over the course 
of the study, with a mean weight gain of 32 ± 21 kg from the first 
to the last treatment trial. This was attributed to access to lush 
pasture grass between treatment trials. Demographic data for 
individual horses are presented in Table S1. All procedures were 
approved by the Institutional Animal Care and Use Committee at 
Purdue University.

2.2  |  Drug administration

Thiamine hydrochloride (Neogen Vet, 500  mg/ml, Lexington, KY, 
USA) was administered IV at 5, 10, and 20 mg/kg. These dosages 
were chosen based on anecdotal reports in large animals and extrap-
olation from human sepsis studies (Apley, 2015; Maiti et al., 1990; 
Marik et al., 2017). Drug was administered over a 10 min period for 
each treatment trial. A washout period of ≥1 week was chosen since 
this was >7 times the expected elimination half-life of approximately 
5 h (Smithline et al., 2012; Tallaksen et al., 1993). Bilateral IV jugular 
catheters were aseptically placed the night before the start of each 
treatment trial. One jugular vein was used for drug administration 
and the other for blood collection, alternating sides in subsequent 
trials. Heparinized blood samples were collected immediately prior 
to drug administration (T0; baseline) and at 5, 10, 15, 20, 30, 45, 
60, and 90 min and 2, 4, 6, 8, 10, 12, 24, and 48 h. The T5m sample 
was collected 5 min after the end of the 10 min drug administration. 
Blood tubes were light-protected and stored on ice prior to cen-
trifugation. Plasma was collected following centrifugation at 1,300 g 
for 5 min within 2 h of collection and stored at −80°C until analysis 
(Tashirova et al., 2013). For each horse during each trial, the jugular 
catheter used for drug administration was removed within 2  h of 
drug administration and the catheter used for blood collection was 
removed immediately following blood collection at T24 h. All T48 h 
blood samples were collected via jugular venipuncture.

2.3  |  Adverse effects

Horses were continually monitored for the first 12 h of each treat-
ment trial, with complete physical examinations performed at T0 
(baseline), 6, 12, 24, and 48 h. A CBC and SBA were performed im-
mediately prior to the start of the study to ensure overall systemic 
health prior to the start of the study. Subjective assessments were 
made regarding changes in appetite, behavior, and fecal consistency. 
Jugular catheter insertion sites and jugular veins were assessed for 
swelling, heat, and pain.
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2.4  |  Sample analysis

2.4.1  |  Sample preparation

Frozen horse plasma was stored at −80°C until analysis. The ex-
traction protocol was based on modifications from Al-Attas and 
McCann (Al-Attas et al., 2012; McCann et al., 2017). Each sample 
was thawed and a 0.1 ml aliquot was transferred to microcentrifuge 
tube for extraction. Isotopically labeled (13C3) thiamine was used as 
an internal standard and for quantification of endogenous thiamine 
in each sample (Toronto Research Chemicals, North York, ON). Each 
sample aliquot was spiked with 100 ng of 13C3-thiamine prior to the 
extraction process. To extract each sample, 25 µl of 10% trichloro-
acetic acid (TCA) was added and the sample placed on ice for 15 min. 
Samples were then vortexed for 3 min and centrifuged at 15,000 g 
for 10  min to precipitate proteins. The supernatant was collected 
and pellet discarded. The supernatants were stored at −20°C until 
ready for analysis on a LC/MS/MS system. At the time of analysis, 
each sample was diluted 20-fold with a solution of 50% water/50% 
acetonitrile, vortexed, and transferred to an autosampler vial.

2.4.2  |  HPLC/MS-MS analysis

An Agilent 1260 Rapid Resolution liquid chromatography (HPLC) 
system coupled to an Agilent 6470 series triple quadrupole mass 
spectrometer (MS/MS) was used to analyze thiamine (Agilent 
Technologies, Santa Clara, CA). A Waters Acquity BEH HILIC 
(2.1  mm  ×  100  mm, 1.7  µm) column was used for HPLC separa-
tion (Water Corp, Milford, MA). The buffers were (A) acetonitrile: 
isopropyl alcohol:200 mM ammonium formate at pH 3 (90:5:5 v/v) 
and (B) water: acetonitrile:200  mM ammonium formate at pH 3 
(90:5:5 v/v). The linear HPLC gradient was as follows: time 0 min, 
0% B; time 1 min, 0% B; time 7 min, 40% B; time 8 min, 90% B; time 
11 min, 0% B; and time 15 min, 0% B. The flow rate was 0.3 ml/min. 
Multiple reaction monitoring was used for MS analysis. Data were 
acquired in positive electrospray ionization (ESI) mode. The calibra-
tion curve ranged from 100 to 0.001 µg/ml. Quantitation was based 
on the ion transition of thiamine 265.5→122.4 and 13C3-thiamine 
268.5→122.4 and qualifier ions 265.5→144.4 and 268.5→147.4. 
Agilent Masshunter Quantitative Analysis software was used for 
data analysis (version 8.0).

2.5  |  Statistical analysis

Data are expressed as mean  ±  standard deviation (range). To ac-
count for endogenous plasma thiamine, for each horse at each dos-
age level (5, 10, and 20  mg/kg), plasma thiamine concentrations 
were normalized by subtracting the endogenous thiamine concen-
tration at time 0, prior to TH administration. Any negative values 
were entered into the analysis as 0 μg/ml. For each IV TH dosage 
level, non-compartmental pharmacokinetic analysis was performed 

using commercially available software (Phoenix WinNonLin 8.1, 
Certara, Princeton, NJ). Calculated parameters included the termi-
nal rate constant (λz), terminal half-life (t1/2), concentration at time 0 
(C0), observed area under the curve (AUCobs), area under the curve 
extrapolated to infinity (AUC0–∞), percent of AUC0–∞ extrapolated 
(AUC%extrap), volume of distribution by the area method (Vz), clear-
ance (Cl), observed area under the moment curve (AUMCobs), area 
under the moment curve extrapolated to infinity (AUMC0–∞), per-
cent of AUMC0–∞ extrapolated (AUMC%extrap), mean residence time 
(MRT), and volume of distribution at steady state (Vss). To determine 
whether thiamine is eliminated in a linear fashion in the horse or is 
affected by dosage, λz and Cl were each compared between dosage 
levels. First, data normality was assessed using the Kolmogorov–
Smirnov test. Then, each parameter (λz and Cl) was compared be-
tween dosages using a repeated measures ANOVA and Tukey's 
post hoc test for multiple comparisons. Increases in AUC0–∞ with 
dosage were also visually assessed for linearity in individual horses. 
Statistical comparisons were performed using commercially avail-
able software (Prism 9; GraphPad Software, LLC., San Diego, CA). 
Significance was set at p < .05.

3  |  RESULTS

3.1  |  Pharmacokinetics

Plasma thiamine concentration vs. time plots are presented in 
Figure 1. Pharmacokinetic parameters for horses administered TH 
at 5, 10, and 20  mg/kg IV are presented in Tables 1–3. Individual 
horse plasma thiamine concentrations and pharmacokinetic param-
eters for all three dosages assessed are presented in Tables S2 and 
S3, respectively.

To determine whether thiamine kinetics are linear in horses, 
λz and Cl were assessed for changes between dosage levels. λz 
significantly decreased as dosage increased (p  <  .0001) as seen 

F I G U R E  1  Plasma concentration–time relationship of thiamine 
hydrochloride after 5, 10, and 20 mg/kg IV dosing in healthy horses 
(n = 9)
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in Figure 2. Although Cl also significantly changed with dosage 
(p  <  .0001), these changes were dosage specific. Cl did signifi-
cantly decrease from the 5  mg/kg to the 20  mg/kg dosage 
(p = .0011). However, Cl at the 10 mg/mg dosage was significantly 
higher than 5  mg/kg (p  =  .0388) and 20  mg/kg (p  =  .0004) as 
shown in Figure 3. For most horses, AUC appeared to increase in a 
non-linear fashion (Figure 4).

3.2  |  Adverse effects

There were no significant changes in physical examination param-
eters for any horse during the study. There was no evidence of 
swelling, heat or pain at the jugular catheter insertion sites and jugu-
lar vein refill remained normal for all horses throughout the study 
period.

TA B L E  1  Non-compartmental 
pharmacokinetic parameters for thiamine 
hydrochloride in healthy horses (n = 9) 
after a single dosage of 5 mg/kg

Parameter Mean SD Min Max

λz (h
−1) 0.905 0.055 0.803 0.964

Half-life (h) 0.77 0.05 0.72 0.86

C0 (μg/ml) 29.81 4.26 25.51 38.79

AUCobs (h*μg/ml) 23.82 4.97 16.90 30.56

AUC0–∞ (h*μg/ml) 23.83 4.97 16.91 30.56

AUC%extrap (%) 0.02 0.02 0.00 0.08

Vz (ml/kg) 240.0 41.4 179.5 309.0

Cl (ml/kg/h) 218.4 46.4 163.6 295.8

AUMCobs (h
2*μg/ml) 24.49 9.56 13.69 38.84

AUMC0–∞ (h2*μg/ml) 24.62 9.62 13.75 38.99

AUMC%extrap (%) 0.51 0.23 0.19 0.82

MRT (h) 1.00 0.20 0.69 1.33

Vss (ml/kg) 212.7 31.4 174.5 259.9

Abbreviations: λz, terminal rate constant; terminal half-life (t1/2); AUC%extrap, percent of AUC0–∞ 
extrapolated; AUC0–∞, area under the curve extrapolated to infinity; AUCobs, observed area under 
the curve; AUMC%extrap, percent of AUMC0–∞ extrapolated; AUMC0–∞, area under the moment 
curve extrapolated to infinity; AUMCobs, observed area under the moment curve; C0, concentration 
at time 0; Cl, clearance; MRT, mean residence time; Vss, volume of distribution at steady state; Vz, 
volume of distribution by the area method.

TA B L E  2  Non-compartmental 
pharmacokinetic parameters for thiamine 
hydrochloride in healthy horses (n = 9) 
after a single dosage of 10 mg/kg

Parameter Mean SD Min Max

λz (h
−1) 0.774 0.063 0.679 0.862

Half-life (h) 0.90 0.07 0.80 1.02

C0 (μg/ml) 34.40 3.72 30.37 42.45

AUCobs (h*μg/ml) 42.82 8.71 32.46 55.69

AUC0–∞ (h*μg/ml) 42.83 8.71 32.46 55.71

AUC%extrap (%) 0.02 0.01 0.00 0.04

Vz (ml/kg) 310.8 41.3 264.4 369.7

Cl (ml/kg/h) 242.3 48.9 179.5 308.0

AUMCobs (h
2*μg/ml) 60.59 22.77 32.03 97.00

AUMC0–∞ (h2*μg/ml) 60.94 23.00 32.09 97.80

AUMC%extrap (%) 0.52 0.44 0.03 1.40

MRT (h) 1.38 0.28 0.99 1.76

Vss (ml/kg) 325.8 50.7 288.5 448.1

Abbreviations: λz, terminal rate constant; terminal half-life (t1/2); AUC%extrap, percent of AUC0–∞ 
extrapolated; AUC0–∞, area under the curve extrapolated to infinity; AUCobs, observed area under 
the curve; AUMC%extrap, percent of AUMC0–∞ extrapolated; AUMC0–∞, area under the moment 
curve extrapolated to infinity; AUMCobs, observed area under the moment curve; C0, concentration 
at time 0; Cl, clearance; MRT, mean residence time; Vss, volume of distribution at steady state; Vz, 
volume of distribution by the area method.
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4  |  DISCUSSION

This is the first study to document the pharmacokinetics of IV TH ad-
ministration in healthy horses or, to our knowledge, any large animal 
species. Despite common use of TH in small ruminants and cattle 
for treatment and prevention of polioencephalomalacia, pharma-
cokinetic studies have not been performed (Apley, 2015; Karapinar 
et al., 2008; Zhang et al., 2020). In our study, all three dosages ad-
ministered resulted in supraphysiologic plasma thiamine concen-
trations with relatively short half-lives (0.77 ± 0.05–1.12 ± 0.18 h). 
We also documented that the terminal rate constant for thiamine 
significantly decreased with dosage. This, combined with non-linear 
increases in AUC with dosage, suggests that thiamine is eliminated 
in a non-linear, dosage-dependent fashion in horses.

Parameter Mean SD Min Max

λz (h
−1) 0.632 0.094 0.482 0.726

Half-life (h) 1.12 0.18 0.95 1.44

C0 (μg/ml) 69.38 7.61 59.53 82.68

AUCobs (h*μg/ml) 123.64 26.85 96.42 171.28

AUC0-∞ (h*μg/ml) 123.68 26.86 96.43 171.32

AUC%extrap (%) 0.03 0.04 0.00 0.11

Vz (mL/kg) 264.7 22.9 223.8 297.5

Cl (mL/kg/h) 167.9 32.4 116.7 207.4

AUMCobs (h
2*μg/ml) 244.97 95.73 139.15 404.09

AUMC0-∞ (h2*μg/ml) 246.61 96.62 139.31 405.78

AUMC%extrap (%) 0.60 0.68 0.11 2.25

MRT (h) 1.94 0.39 1.44 2.38

Vss (ml/kg) 317.0 52.1 276.5 452.9

Abbreviations: λz, terminal rate constant; terminal half-life (t1/2); AUC%extrap, percent of AUC0–∞ 
extrapolated; AUC0–∞, area under the curve extrapolated to infinity; AUCobs, observed area under 
the curve; AUMC%extrap, percent of AUMC0–∞ extrapolated; AUMC0–∞, area under the moment 
curve extrapolated to infinity; AUMCobs, observed area under the moment curve; C0, concentration 
at time 0; Cl, clearance; MRT, mean residence time; Vss, volume of distribution at steady state; Vz, 
volume of distribution by the area method.

TA B L E  3  Non-compartmental 
pharmacokinetic parameters for thiamine 
hydrochloride in healthy horses (n = 9) 
after a single dosage of 20 mg/kg

F I G U R E  2  Terminal rate constant (λz) of thiamine hydrochloride 
after 5, 10, and 20 mg/kg IV dosing in healthy horses (n = 9)

F I G U R E  3  Clearance of thiamine hydrochloride after 5, 10, and 
20 mg/kg IV dosing in healthy horses (n = 9)

F I G U R E  4  Area under the curve of thiamine hydrochloride after 
5, 10, and 20 mg/kg IV dosing in healthy horses (n = 9)
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Non-linear pharmacokinetics have also been reported for thia-
mine in humans. Weber et al. (1985) documented fourfold to10-fold 
differences in renal clearance between the initial and terminal phases 
of thiamine elimination (Weber & Kewitz, 1985). This phenomenon 
is attributed to handling by the kidney, which is the major route of 
thiamine excretion. As a small molecule, thiamine is freely filtered at 
the glomerulus and then either reabsorbed or secreted by tubular 
transporters in a concentration-dependent manner (Ott & Werneke, 
2020). At low, physiologic concentrations, thiamine is reabsorbed by 
brush-border thiamine and organic cation transporters leading to 
minimal excretion and low renal clearance. Whereas, at high con-
centrations achieved by exogenous administration, thiamine is ac-
tively secreted, dramatically increasing renal clearance (Weber et al., 
1990). Because thiamine secretion is transporter-mediated, it is also 
saturable which causes decreases in total plasma clearance at high 
concentrations. If these processes are similar in horses, they could 
partially explain the dosage-related differences in plasma clearance 
documented in the present study. The increase in Cl between 5 and 
10 mg/kg could be due to a switch from renal reabsorption to se-
cretion. However, in humans, this switch occurs around 200 nmol/L 
(0.053  μg/ml), which is well below plasma concentrations induced 
after IV administration of TH to horses. Thus, it is more likely that 
this difference in Cl is due to type II error, rather than renal trans-
porter function. The lower thiamine Cl at 20 mg/kg compared to 5 
and 10 mg/kg, however, could be evidence of transporter saturation.

Non-linear kinetics of thiamine in horses makes plasma con-
centrations difficult to predict for dosages outside of those stud-
ied (5, 10, and 20 mg/kg IV). Plasma concentrations during chronic 
therapy may also be difficult to predict, although thiamine's short 
half-life makes significant drug accumulation unlikely with intermit-
tent dosing. However, before dosage and dosing frequency recom-
mendations can be made, therapeutic targets must be established. 
Metabolic resuscitation protocols for sepsis in humans include a 
standard TH dosage of 200 mg (approximately 2.0–3.0 mg/kg) ad-
ministered IV q 12 h (Donnino et al., 2016; Fujii et al., 2020; Marik 
et al., 2017). The rationale for this dosage is unclear but is centered 
around replacing thiamine that has been depleted during sepsis 
(Donnino et al., 2010).

No adverse reactions were observed after administration of IV 
TH in this study. Anecdotal reports of collapse and sudden death 
have been reported in small ruminants and cattle after IV adminis-
tration, which has led to a general recommendation to dilute TH in 
0.9% sodium chloride or sterile water and administer slowly (Apley, 
2015; Cebra & Cebra, 2004). The horses in this study were admin-
istered IV TH over a 10 min period, so it is possible that more rapid 
administration might result in adverse effects.

As with most “first-in-species” pharmacokinetics reports, 
the small sample size of our study is a potential limitation. Inter-
individual variation for many pharmacokinetic parameters was actu-
ally fairly low among our study participants; however, these values 
are unlikely to capture the full range of potential variability within 
the equine population. Similarly, our study design precluded assess-
ing the effect of patient factors such as age, breed, disease status, 

or renal function on thiamine pharmacokinetics. Future population 
pharmacokinetic studies should be considered to address these 
factors, particularly since thiamine may have benefit in critically ill 
patients (Donnino et al., 2010; Marik et al., 2017). Another limita-
tion is that we only quantified plasma-free thiamine in this study. 
Thiamine exists in several forms in the body including free thiamine, 
several phosphorylated forms, and thiamine bound to adenosine 
di- and triphosphate. Proportions of these moieties differ between 
plasma, red blood cells, and tissue with free thiamine and thiamine-
monophosphate predominating in the plasma and the biologically 
active form, thiamine-diphosphate, predominating intracellularly 
(Ott & Werneke, 2020). Thus, quantification of the various forms 
of thiamine in both plasma and red blood cells would enhance un-
derstanding of thiamine distribution, metabolism, and potential 
for biologic effects in the horse. However, in humans, a single IV 
administration of TH increases plasma-free thiamine to a much 
greater degree than plasma thiamine-monophosphate or red blood 
cell thiamine-diphosphate so, for the purposes of this initial study, 
plasma-free thiamine quantification is likely sufficient (Tallaksen 
et al., 1993). Finally, endogenous thiamine from absorption from diet 
and hindgut microflora production (Carroll et al., 1949) may have 
interfered with determining the kinetics of exogenously adminis-
tered thiamine. Because baseline (T0) concentrations and previously 
reported equine endogenous thiamine concentrations (Cymbaluk 
et al., 1978; Loew & Bettany, 1973) were so much lower than con-
centrations achieved after IV administration, this is unlikely to sig-
nificantly affect results. Therefore, we chose to normalize the data 
by simply subtracting baseline concentrations.

In summary, a single IV TH injection in healthy horses achieved 
plasma thiamine concentrations well above endogenous levels and 
demonstrated a relatively short half-life. Thiamine hydrochloride ap-
pears to possess non-linear kinetics in the horse, likely due to com-
plex renal elimination processes. Future pharmacodynamic studies 
are needed to identify therapeutic plasma concentrations of thia-
mine so rational dosage regimens can be established. Subsequent 
studies to investigate the effects of TH administration in septic 
horses can then be pursued.

ACKNOWLEDG MENTS
This project was supported by the state of Indiana, the Purdue 
University College of Veterinary Medicine research account funded 
by the Total Wagers Tax and the USDA National Institute of Food 
and Agriculture (Hatch Project #IND020786). The authors acknowl-
edge Laura Murray, Theresa Jeffrey, Dollie Johnson, Brandi Maxie 
and Robyn McCain for their assistance in data collection.

CONFLIC T OF INTERE S T
The authors have no conflicts of interest to disclose.

ANIMAL WELFARE AND E THIC S S TATEMENT
This study was approved by the university's Institutional Animal 
Care and Use Committee (Protocol # 2003002025, Approval date: 
April 30, 2020).



    |  7HESS et al.

DATA AVAIL ABILIT Y S TATEMENT
The data that supports the findings of this study are available in the 
supplementary material of this article.

ORCID
Emily K. Hess   https://orcid.org/0000-0002-2192-7556 
Jennifer M. Reinhart   https://orcid.org/0000-0002-3021-5075 
Sandra D. Taylor   https://orcid.org/0000-0002-8807-5554 

R E FE R E N C E S
Al-Attas, O. S., Al-Daghri, N. M., Alfadda, A. A., Abd-Alrahman, S. H., & 

Sabico, S. (2012). Blood thiamine and its phosphate esters as mea-
sured by high-performance liquid chromatography: levels and asso-
ciations in diabetes mellitus patients with varying degrees of micro-
albuminuria. Journal of Endocrinological Investigation, 35, 951–956.

Anderson, M. J., Ibrahim, A. S., Cooper, B. R., Woolcock, A. D., Moore, G. 
E., & Taylor, S. D. (2020). Effects of administration of ascorbic acid 
and low-dose hydrocortisone after infusion of sublethal doses of 
lipopolysaccharide to horses. Journal of Veterinary Internal Medicine, 
34, 2710–2718. https://doi.org/10.1111/jvim.15896

Apley, M. D. (2015). Consideration of evidence for therapeutic inter-
ventions in bovine polioencephalomalacia. The Veterinary Clinics of 
North America. Food Animal Practice, 31, 151–161, vii.

Arroyo, M. G., Slovis, N. M., Moore, G. E., & Taylor, S. D. (2017). Factors 
associated with survival in 97 horses with septic pleuropneumo-
nia. Journal of Veterinary Internal Medicine, 31, 894–900. https://doi.
org/10.1111/jvim.14679

Attaluri, P., Castillo, A., Edriss, H., & Nugent, K. (2018). Thiamine de-
ficiency: An important consideration in critically Ill patients. 
American Journal of the Medical Sciences, 356, 382–390. https://doi.
org/10.1016/j.amjms.2018.06.015

Carroll, F. D., Goss, H., & Howell, C. E. (1949). The synthesis of vitamin-B 
in the horse. Journal of Animal Science, 8, 290–299.

Cebra, C. K., & Cebra, M. L. (2004). Altered mentation caused by po-
lioencephalomalacia, hypernatremia, and lead poisoning. The 
Veterinary Clinics of North America. Food Animal Practice, 20, 287–
302, vi–vii.

Costa, N. A., Gut, A. L., de Souza, D. M., Pimentel, J. A. C., Cozzolino, 
S. M. F., Azevedo, P. S., Fernandes, A. A. H., Zornoff, L. A. M., de 
Paiva, S. A. R., & Minicucci, M. F. (2014). Serum thiamine concen-
tration and oxidative stress as predictors of mortality in patients 
with septic shock. Journal of Critical Care, 29, 249–252. https://doi.
org/10.1016/j.jcrc.2013.12.004

Cymbaluk, N. F., Fretz, P. B., & Loew, F. M. (1978). Amprolium-induced 
thiamine deficiency in horses: Clinical features. American Journal of 
Veterinary Research, 39, 255–261.

Donnino, M. W., Andersen, L. W., Chase, M., Berg, K. M., Tidswell, M., 
Giberson, T., Wolfe, R., Moskowitz, A., Smithline, H., Ngo, L., & 
Cocchi, M. N. (2016). Randomized, double-blind, placebo-controlled 
trial of thiamine as a metabolic resuscitator in septic shock: A pilot 
study. Critical Care Medicine, 44, 360–367. https://doi.org/10.1097/
CCM.00000​00000​001572

Donnino, M. W., Carney, E., Cocchi, M. N., Barbash, I., Chase, M., Joyce, 
N., Chou, P. P., & Ngo, L. (2010). Thiamine deficiency in critically ill 
patients with sepsis. Journal of Critical Care, 25, 576–581. https://
doi.org/10.1016/j.jcrc.2010.03.003

Frank, R. A., Leeper, F. J., & Luisi, B. F. (2007). Structure, mechanism 
and catalytic duality of thiamine-dependent enzymes. Cellular 
and Molecular Life Sciences, 64, 892–905. https://doi.org/10.1007/
s0001​8-007-6423-5

Fujii, T., Luethi, N., Young, P. J., Frei, D. R., Eastwood, G. M., French, C. 
J., Deane, A. M., Shehabi, Y., Hajjar, L. A., Oliveira, G., Udy, A. A., 
Orford, N., Edney, S. J., Hunt, A. L., Judd, H. L., Bitker, L., Cioccari, 

L., Naorungroj, T., … Bellomo, R. (2020). Effect of vitamin C, hydro-
cortisone, and thiamine vs hydrocortisone alone on time alive and 
free of vasopressor support among patients with septic shock: The 
VITAMINS randomized clinical trial. JAMA, 323, 423–431. https://
doi.org/10.1001/jama.2019.22176

Hart, K. A., & Barton, M. H. (2011). Adrenocortical insufficiency in horses 
and foals. The Veterinary Clinics of North America. Equine Practice, 27, 
19–34. https://doi.org/10.1016/j.cveq.2010.12.005

Holbrook, T. C., Dechant, J. E., & Crowson, C. L. (2007). Suspected air 
embolism associated with post-anesthetic pulmonary edema and 
neurologic sequelae in a horse. Veterinary Anaesthesia and Analgesia, 
34, 217–222. https://doi.org/10.1111/j.1467-2995.2006.00317.x

Joffre, J., Hellman, J., Ince, C., & Ait-Oufella, H. (2020). Endothelial re-
sponses in sepsis. American Journal of Respiratory and Critical Care 
Medicine, 202, 361–370. https://doi.org/10.1164/rccm.20191​
0-1911TR

Karapinar, T., Dabak, M., Kizil, O., & Balikci, E. (2008). Severe thi-
amine deficiency in sheep with acute ruminal lactic acidosis. 
Journal of Veterinary Internal Medicine, 22, 662–665. https://doi.
org/10.1111/j.1939-1676.2008.0094.x

Kim, W. Y., Jo, E. J., Eom, J. S., Mok, J., Kim, M.-H., Kim, K. U., Park, H.-K., 
Lee, M. K., & Lee, K. (2018). Combined vitamin C, hydrocortisone, 
and thiamine therapy for patients with severe pneumonia who 
were admitted to the intensive care unit: Propensity score-based 
analysis of a before-after cohort study. Journal of Critical Care, 47, 
211–218. https://doi.org/10.1016/j.jcrc.2018.07.004

Lima, L. F., Leite, H. P., & Taddei, J. A. (2011). Low blood thiamine con-
centrations in children upon admission to the intensive care unit: 
Risk factors and prognostic significance. American Journal of Clinical 
Nutrition, 93, 57–61. https://doi.org/10.3945/ajcn.2009.29078

Loew, F. M. (1973). Thiamin and equine laryngeal hemiplegia. The 
Veterinary Record, 92, 372–373. https://doi.org/10.1136/
vr.92.14.372

Loew, F. M., & Bettany, J. M. (1973). Thiamine concentrations in the blood 
of standardbred horses. American Journal of Veterinary Research, 34, 
1207–1208.

Macias-Rioseco, M., Hill, A. E., & Uzal, F. A. (2020). Fatal intestinal in-
flammatory lesions in equids in California: 710 cases (1990–2013). 
Journal of the American Veterinary Medical Association, 256, 455–
462. https://doi.org/10.2460/javma.256.4.455

Maiti, S. K., Swarup, D., & Chandra, S. V. (1990). Therapeutic potential 
of thiamine hydrochloride in experimental chronic lead intoxication 
in goats. Research in Veterinary Science, 48, 377–378. https://doi.
org/10.1016/S0034​-5288(18)31030​-0

Marik, P. E. (2007). Mechanisms and clinical consequences of critical 
illness associated adrenal insufficiency. Current Opinion in Critical 
Care, 13, 363–369. https://doi.org/10.1097/MCC.0b013​e3281​
8a6d74

Marik, P. E., Khangoora, V., Rivera, R., Hooper, M. H., & Catravas, J. 
(2017). Hydrocortisone, vitamin C, and thiamine for the treat-
ment of severe sepsis and septic shock: A retrospective before-
after study. Chest, 151, 1229–1238. https://doi.org/10.1016/j.
chest.2016.11.036

McCann, A., Midttun, O., Whitfield, K. C., Kroeun, H., Borath, M., 
Sophonneary, P., Ueland, P. M., & Green, T. J. (2017). Comparable 
performance characteristics of plasma thiamine and erythrocyte 
thiamine diphosphate in response to thiamine fortification in rural 
Cambodian women. Nutrients, 9, 676.

McLaughlin, K., Joyal, K., Lee, S., Corrado, M., Marquis, K., Anger, K., & 
Szumita, P. (2003). Safety of intravenous push thiamine administra-
tion at a tertiary academic medical center. Journal of the American 
Pharmacists Association, 60, 598–601. https://doi.org/10.1016/j.
japh.2019.12.005

Moskowitz, A., Andersen, L. W., Cocchi, M. N., Karlsson, M., Patel, P. V., 
& Donnino, M. W. (2017). Thiamine as a renal protective agent in 
septic shock. A secondary analysis of a randomized, double-blind, 

https://orcid.org/0000-0002-2192-7556
https://orcid.org/0000-0002-2192-7556
https://orcid.org/0000-0002-3021-5075
https://orcid.org/0000-0002-3021-5075
https://orcid.org/0000-0002-8807-5554
https://orcid.org/0000-0002-8807-5554
https://doi.org/10.1111/jvim.15896
https://doi.org/10.1111/jvim.14679
https://doi.org/10.1111/jvim.14679
https://doi.org/10.1016/j.amjms.2018.06.015
https://doi.org/10.1016/j.amjms.2018.06.015
https://doi.org/10.1016/j.jcrc.2013.12.004
https://doi.org/10.1016/j.jcrc.2013.12.004
https://doi.org/10.1097/CCM.0000000000001572
https://doi.org/10.1097/CCM.0000000000001572
https://doi.org/10.1016/j.jcrc.2010.03.003
https://doi.org/10.1016/j.jcrc.2010.03.003
https://doi.org/10.1007/s00018-007-6423-5
https://doi.org/10.1007/s00018-007-6423-5
https://doi.org/10.1001/jama.2019.22176
https://doi.org/10.1001/jama.2019.22176
https://doi.org/10.1016/j.cveq.2010.12.005
https://doi.org/10.1111/j.1467-2995.2006.00317.x
https://doi.org/10.1164/rccm.201910-1911TR
https://doi.org/10.1164/rccm.201910-1911TR
https://doi.org/10.1111/j.1939-1676.2008.0094.x
https://doi.org/10.1111/j.1939-1676.2008.0094.x
https://doi.org/10.1016/j.jcrc.2018.07.004
https://doi.org/10.3945/ajcn.2009.29078
https://doi.org/10.1136/vr.92.14.372
https://doi.org/10.1136/vr.92.14.372
https://doi.org/10.2460/javma.256.4.455
https://doi.org/10.1016/S0034-5288(18)31030-0
https://doi.org/10.1016/S0034-5288(18)31030-0
https://doi.org/10.1097/MCC.0b013e32818a6d74
https://doi.org/10.1097/MCC.0b013e32818a6d74
https://doi.org/10.1016/j.chest.2016.11.036
https://doi.org/10.1016/j.chest.2016.11.036
https://doi.org/10.1016/j.japh.2019.12.005
https://doi.org/10.1016/j.japh.2019.12.005


8  |    HESS et al.

placebo-controlled trial. Annals of the American Thoracic Society, 14, 
737–741. https://doi.org/10.1513/Annal​sATS.20160​8-656BC

Olkowski, A. A., Gooneratne, S. R., & Christensen, D. A. (1990). Effects of 
diets of high sulphur content and varied concentrations of copper, 
molybdenum and thiamine on in vitro phagocytic and candidacidal 
activity of neutrophils in sheep. Research in Veterinary Science, 48, 
82–86. https://doi.org/10.1016/S0034​-5288(18)31514​-5

Ott, M., & Werneke, U. (2020). Wernicke's encephalopathy - from 
basic science to clinical practice. Part 1: Understanding the role 
of thiamine. Therapeutic Advances in Psychopharmacology, 10, 
2045125320978106.

Peek, S. F., Semrad, S., McGuirk, S. M., Riseberg, A., Slack, J. A., Marques, 
F., Coombs, D., Lien, L., Keuler, N., & Darien, B. J. (2006). Prognostic 
value of clinicopathologic variables obtained at admission and ef-
fect of antiendotoxin plasma on survival in septic and critically ill 
foals. Journal of Veterinary Internal Medicine, 20, 569–574. https://
doi.org/10.1111/j.1939-1676.2006.tb028​98.x

Peters, K., Unger, R. E., Brunner, J., & Kirkpatrick, C. J. (2003). Molecular 
basis of endothelial dysfunction in sepsis. Cardiovascular Research, 
60, 49–57. https://doi.org/10.1016/S0008​-6363(03)00397​-3

Schorah, C. J., Downing, C., Piripitsi, A., Gallivan, L., Al-Hazaa, A. H., 
Sanderson, M. J., & Bodenham, A. (1996). Total vitamin C, ascorbic 
acid, and dehydroascorbic acid concentrations in plasma of criti-
cally ill patients. American Journal of Clinical Nutrition, 63, 760–765. 
https://doi.org/10.1093/ajcn/63.5.760

Smithline, H. A., Donnino, M., & Greenblatt, D. J. (2012). 
Pharmacokinetics of high-dose oral thiamine hydrochloride in 
healthy subjects. BMC Clinical Pharmacology, 12, 4. https://doi.
org/10.1186/1472-6904-12-4

Soni, A., Pepper, G. M., Wyrwinski, P. M., Ramirez, N. E., Simon, R., Pina, 
T., Gruenspan, H., & Vaca, C. E. (1995). Adrenal insufficiency occur-
ring during septic shock: incidence, outcome, and relationship to 
peripheral cytokine levels. American Journal of Medicine, 98, 266–
271. https://doi.org/10.1016/S0002​-9343(99)80373​-8

Steele, J. R. (1948). Use of B vitamins in standard bred horses, a prelimi-
nary clinical report. Veterinarni Medicina, 43, 361–364.

Stephen, J. M., Grant, R., & Yeh, C. S. (1992). Anaphylaxis from admin-
istration of intravenous thiamine. American Journal of Emergency 
Medicine, 10, 61–63. https://doi.org/10.1016/0735-6757(92)​
90129​-L

Stewart, A. J., Hackett, E., Bertin, F. R., & Towns, T. J. (2019). Cortisol 
and adrenocorticotropic hormone concentrations in horses with 
systemic inflammatory response syndrome. Journal of Veterinary 
Internal Medicine, 33, 2257–2266. https://doi.org/10.1111/
jvim.15620

Tallaksen, C. M. E., Sande, A., Bohmer, T., Bell, H., & Karlsen, J. (1993). 
Kinetics of thiamin and thiamin phosphate-esters in human 
blood, plasma and urine after 50 Mg intravenously or orally. 
European Journal of Clinical Pharmacology, 44, 73–78. https://doi.
org/10.1007/BF003​15284

Tashirova, O. A., Ramenskaya, G. V., Vlasov, A. M., & Khaitov, M. R. 
(2013). Development and validation of an LC/MS method for quan-
titative determination of thiamine in blood plasma. Pharmaceutical 
Chemistry Journal, 46, 742–744. https://doi.org/10.1007/s1109​
4-013-0883-8

Thomson, A., Guerrini, I., & Marshall, E. J. (2019). Incidence of adverse 
reactions to parenteral thiamine in the treatment of Wernicke's 
encephalopathy, and recommendations. Alcohol and Alcoholism, 54, 
609–614. https://doi.org/10.1093/alcal​c/agy091

Weber, W., & Kewitz, H. (1985). Determination of thiamine in human 
plasma and its pharmacokinetics. European Journal of Clinical 
Pharmacology, 28, 213–219. https://doi.org/10.1007/BF006​09694

Weber, W., Nitz, M., & Looby, M. (1990). Nonlinear kinetics of the thia-
mine cation in humans: saturation of nonrenal clearance and tubu-
lar reabsorption. Journal of Pharmacokinetics and Biopharmaceutics, 
18, 501–523. https://doi.org/10.1007/BF010​73936

Wilkins, P. A., Vaala, W. E., Zivotofsky, D., & Twitchell, E. D., (1994). A herd 
outbreak of equine leukoencephalomalacia. Cornell Veterinarian, 84, 
53–59.

Wilson, J. X. (2009). Mechanism of action of vitamin C in sepsis: ascor-
bate modulates redox signaling in endothelium. BioFactors, 35, 5–
13. https://doi.org/10.1002/biof.7

Wong, D. M., Ruby, R. E., Dembek, K. A., Barr, B. S., Reuss, S. M., 
Magdesian, K. G., Olsen, E., Burns, T., Slovis, N. M., & Wilkins, P. 
A. (2018). Evaluation of updated sepsis scoring systems and sys-
temic inflammatory response syndrome criteria and their associ-
ation with sepsis in equine neonates. Journal of Veterinary Internal 
Medicine, 32, 1185–1193. https://doi.org/10.1111/jvim.15087

Woodfin, A., Beyrau, M., Voisin, M. B., Ma, B., Whiteford, J. R., Hordijk, 
P. L., Hogg, N., & Nourshargh, S. (2016). ICAM-1-expressing neu-
trophils exhibit enhanced effector functions in murine models of 
endotoxemia. Blood, 127, 898–907. https://doi.org/10.1182/blood​
-2015-08-664995

Woolum, J. A., Abner, E. L., Kelly, A., Thompson Bastin, M. L., Morris, 
P. E., & Flannery, A. H. (2018). Effect of thiamine administration 
on lactate clearance and mortality in patients with septic shock. 
Critical Care Medicine, 46, 1747–1752. https://doi.org/10.1097/
CCM.00000​00000​003311

Zhang, H., Peng, A. L., Zhao, F. F., Yu, L. H., Wang, M. Z., Osorio, J. S., 
& Wang, H. R. (2020). Thiamine ameliorates inflammation of the 
ruminal epithelium of Saanen goats suffering from subacute rumi-
nal acidosis. Journal of Dairy Science, 103, 1931–1943. https://doi.
org/10.3168/jds.2019-16944

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Hess, E. K., Reinhart, J. M., 
Anderson, M. J., Jannasch, A. S., & Taylor, S. D. (2021). 
Pharmacokinetics of thiamine (vitamin B1) in adult horses 
after administration of three single intravenous doses. 
Journal of Veterinary Pharmacology and Therapeutics, 00, 1–8. 
https://doi.org/10.1111/jvp.13007

https://doi.org/10.1513/AnnalsATS.201608-656BC
https://doi.org/10.1016/S0034-5288(18)31514-5
https://doi.org/10.1111/j.1939-1676.2006.tb02898.x
https://doi.org/10.1111/j.1939-1676.2006.tb02898.x
https://doi.org/10.1016/S0008-6363(03)00397-3
https://doi.org/10.1093/ajcn/63.5.760
https://doi.org/10.1186/1472-6904-12-4
https://doi.org/10.1186/1472-6904-12-4
https://doi.org/10.1016/S0002-9343(99)80373-8
https://doi.org/10.1016/0735-6757(92)90129-L
https://doi.org/10.1016/0735-6757(92)90129-L
https://doi.org/10.1111/jvim.15620
https://doi.org/10.1111/jvim.15620
https://doi.org/10.1007/BF00315284
https://doi.org/10.1007/BF00315284
https://doi.org/10.1007/s11094-013-0883-8
https://doi.org/10.1007/s11094-013-0883-8
https://doi.org/10.1093/alcalc/agy091
https://doi.org/10.1007/BF00609694
https://doi.org/10.1007/BF01073936
https://doi.org/10.1002/biof.7
https://doi.org/10.1111/jvim.15087
https://doi.org/10.1182/blood-2015-08-664995
https://doi.org/10.1182/blood-2015-08-664995
https://doi.org/10.1097/CCM.0000000000003311
https://doi.org/10.1097/CCM.0000000000003311
https://doi.org/10.3168/jds.2019-16944
https://doi.org/10.3168/jds.2019-16944
https://doi.org/10.1111/jvp.13007

