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5 g/l) via drinking water leads to an increased incidence 
of preneoplastic lesions (so-called aberrant crypt foci) in 
the colon of Fischer 344 rats as well as to the appearance 
of atherosclerotic lesions in the aorta of these animals. No 
significant difference between the test groups regarding the 
formation of lesions in the colon and aorta of the rats was 
observed, suggesting that, under the given experimental 
conditions, l-carnitine up to a concentration of 5 g/l in the 
drinking water does not have adverse effects on the gastro-
intestinal and vascular system of Fischer 344 rats.

Keywords l-Carnitine · Trimethylamine · Aberrant crypt 
foci · F344 rat · Atherosclerosis

Introduction

l-Carnitine is a key component of the so-called carnitine 
shuttle, a multienzyme transport system that is required 
to transfer activated long-chain fatty acids (acyl-CoAs) 
into the mitochondrial matrix, where they are degraded 
via β-oxidation (Violante et al. 2013). In the course of this 
process, l-carnitine is conjugated to acyl-CoAs by carni-
tine palmitoyltransferase 1 (CPT1) yielding acylcarnitines, 
which are then transported to the inner mitochondrial com-
partment by the carnitine acylcarnitine translocase (CACT) 
in exchange for free carnitine (Houten and Wanders 2010). 
Thereafter, carnitine palmitoyltransferase 2 (CPT2) retrans-
forms acylcarnitines to acyl-CoA esters, which are then 
degraded to acyl-CoA subunits, thus generating substrates 
for the citric acid cycle and reducing equivalents for the 
electron transport chain (Houten and Wanders 2010).

Although l-carnitine is present in plants, the main nutri-
tional sources for humans are foodstuffs of animal origin 
(Mitchell 1978). Depending on dietary habits, daily intake 
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from food sources ranges from <0.16 to 2.4 mg/kg body 
weight (bw), the bioavailability being generally lower in 
humans that regularly consume a diet high in l-carnitine 
(e.g., abundant consumption of red meat) and even lower 
when high amounts of this compound are supplemented 
exogenously (Harper et al. 1988; Rebouche 2004; Sahaj-
walla et al. 1995). The body concentration of l-carnitine 
is tightly regulated by an equilibrium between endogenous 
synthesis (from lysine and methionine), renal reabsorption, 
and dietary l-carnitine supply, the latter especially influ-
encing the renal clearance rate (Evans and Fornasini 2003; 
Jeukendrup et al. 1998; Rebouche 2004). Therefore, oral or 
intravenous dosages above a certain basal or physiological 
“threshold” level lead to an increased l-carnitine elimina-
tion and diminished uptake (Evans and Fornasini 2003; 
Rebouche and Seim 1998). Although the mechanisms of 
the intestinal absorption of l-carnitine have not yet been 
fully elucidated, they most likely involve carrier-mediated 
transport as well as passive diffusion, the latter being the 
more important intake route for non-dietary (i.e., high) car-
nitine concentrations (Evans and Fornasini 2003; Li et al. 
1992). Active renal reabsorption, intestinal uptake and tis-
sue distribution of l-carnitine are mediated by so-called 
carnitine/organic cation transporters (OCTN), two of them 
(OCTN1 and OCTN2) having been identified in humans 
(Tamai 2013). Rare mutations in the SLC22A5 gene encod-
ing for OCTN2 lead to systemic carnitine shortage and 
consequently to the development of a primary carnitine 
deficiency (PCD), which in most cases manifests itself 
clinically in form of a hypoketotic hypoglycemic encepha-
lopathy as well as disorders of the heart and skeletal muscle 
(Erguven et al. 2007; Lahjouji et al. 2001). In contrast, the 
clinically less severe secondary carnitine deficiency (SCD) 
is caused by organ (e.g., kidney or liver) or metabolic dis-
orders (e.g., impaired fatty acid metabolism), carnitine 
malabsorption, malnutrition as well as pharmacological 
treatment (Erguven et al. 2007; Flanagan et al. 2010). The 
treatment of these disorders, especially in the case of PCD, 
consists in the daily supplementation of l-carnitine in doses 
(100–400 mg/kg bw or 990 mg 2–3 times/day) adapted to 
the patients’ plasma level (Bain et al. 2006; Longo et al. 
2006).

Since the early 1980s, l-carnitine is also being exten-
sively advertised and used by athletes, bodybuilders or even 
obese individuals as a nutritional supplement with alleg-
edly “fat burning” and performance-enhancing properties 
(Jeukendrup et al. 1998), although to date there are no con-
clusive data supporting these claims neither in rats (Eder 
2000; Melton et al. 2005; Saldanha Aoki et al. 2004) nor 
in humans (Barnett et al. 1994; Brass 2000; Cerretelli and 
Marconi 1990; Grunewald and Bailey 1993; Jeukendrup 
and Randell 2011; Jeukendrup et al. 1998; Vukovich et al. 
1994). Taking into account the inverse relationship between 

exogenous supplementation and bioavailability, one must 
conclude that, when fairly high oral doses are given, a sig-
nificant amount of l-carnitine would remain in the gut. The 
unabsorbed compound can be partially degraded to trimeth-
ylamine (TMA) or γ-butyrobetaine by enterobacteria in the 
gut lumen of rats and, to a greater extent, humans (Koeth 
et al. 2013; Rebouche and Chenard 1991; Rebouche et al. 
1984; Zhang et al. 1999). After absorption, TMA is oxi-
dized to trimethylamine-N-oxide (TMNO) by hepatic flavin 
monooxygenases (Baker and Chaykin 1962; Bennett et al. 
2013; Koeth et al. 2013): In addition to that, and following 
l-carnitine supplementation, TMNO can be directly pro-
duced in the gut by the gastrointestinal microbiota (Koeth 
et al. 2013). In an acidic environment and in the presence 
of nitrite ions, i.e., under conditions which prevail in the 
upper gastrointestinal tract, the known carcinogen N-nitros-
odimethylamine (NDMA) can be formed from these amine 
precursors (Bain et al. 2005; Lijinsky et al. 1972; Loh et al. 
2011; Tricker and Preussmann 1991). Additionally, bacterial 
metabolism can also lead to NDMA formation from amines 
such as TMA and dimethylamine (Maduagwu and Bassir 
1979). Consumption of l-carnitine in doses that are not 
completely absorbed might thus enhance bacterial NDMA 
production in the colon and consequently contribute to colo-
rectal tumor formation, as has been shown by Knekt et al. 
(1999) and Loh et al. (2011) for dietary NDMA.

Therefore, we investigated whether a chronic adminis-
tration of different l-carnitine concentrations via drinking 
water leads to an increased number of aberrant crypt foci 
(ACF), which are considered preneoplastic lesions associ-
ated with colorectal cancer formation (Bird 1995), in the 
colon of male Fischer 344 rats. As a recent study by Koeth 
et al. (2013) showed that TMNO resulting from l-carnitine 
supplementation promotes atherosclerosis in mice, we 
additionally examined its influence on the occurrence of 
atherosclerotic lesions in the aorta of the above-mentioned 
rats.

Materials and methods

Animals, housing and diet

Eighty male Fischer 344 DuCrl rats (F344 rats) were pur-
chased at 5–6 weeks of age (100–120 g bw) from Charles 
River (Sulzfeld, Germany) and housed in type IV poly-
carbonate cages (EHRET, Emmendingen, Germany). The 
cages were placed in airflow cabinets (Uni Protect; EHRET) 
operated in a positive pressure mode (50 Pa) and providing 
a temperature of 21–23 °C, a relative humidity of 50–60 %, 
a maximum light intensity of 45 lux, 15–20 air shifts per 
hour as well as a 12/12 h day and night cycle. The bedding 
consisted of poplar granules (LIGNOCEL® Select; JRS, 
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Rosenberg, Germany), which were changed once a week, 
and the diet was a standard pelleted rodent maintenance diet 
(cat. nr. 1324; see online resource 1 “Specifications of the 
animal feed” for details on feed composition) purchased 
from Altromin (Lage, Germany). The animals in each cage 
had access to tunnel housing made of red polycarbonate 
(BIOSCAPE, Castrop-Rauxel, Germany) and certified car-
cinogen and toxicant-free aspen rods (ABEDD® Lab&Vet 
Service, Vienna, Austria) as enrichment.

Experimental design and procedure

Upon arrival, littermates were randomly assigned to one 
of four test groups consisting of 20 animals each and 
housed pairwise in each cage to minimize distress during 
the whole experimental period of 58 weeks. Animals in the 
control group (group 1) received drinking (tap) water with-
out any supplementation. Water for groups 2, 3 and 4 was 
supplemented with 1, 2 or 5 g l-carnitine/l for 52 weeks, 
respectively. l-Carnitine (Carnipure™; Lonza, Basel, Swit-
zerland) with a purity of 99.5–99.9 % was purchased from 
Denk Ingredients (Munich, Germany). Because of a sialo-
dacryoadenitis virus (SDAV) infection (see results), the 
l-carnitine treatment was started in week 6 upon arrival 
after an acclimatization and recovery period of 5 weeks. To 
avoid microbial contamination, drinking water was auto-
claved before carnitine supplementation and changed twice 
a week. In the course of water changes, water consumption 
was recorded, while the weight of the animals was assessed 
once a week. Moreover, the stability of l-carnitine in the 
water was assessed by liquid chromatography/mass spec-
trometry (LC–MS) for a period of 7 days under experi-
mental conditions (see online resource 1 “Assessment of 
l-carnitine stability” for details). After the 52-week admin-
istration period, individual rats were anaesthetized by CO2 
(6 L/min flush) and decapitated. Blood was immediately 
collected for further analysis and the gastrointestinal tract 
entirely removed and processed as previously described 
(Nicken et al. 2012). Briefly, the colon was removed, 
washed with phosphate buffered saline (PBS) and opened 
longitudinally. Thereafter, the tissues were fixed in forma-
lin (Roti®-Histofix 4 %; Carl Roth, Karlsruhe, Germany), 
stained with methylene blue solution (0.1 % w/v in PBS) 
and ACF formation was assessed using a stereomicroscope 
(SZX16; Olympus, Hamburg, Germany). Additionally, 
the kidneys, liver and spleen were removed and weighed. 
For histopathologic examination, heart, thoracic aorta and 
liver were fixed in 10 % neutral buffered formalin. Organ 
trimming was performed in accordance with the Registry 
of Industrial Toxicology Animal-data (RITA) and North 
American Control Animal Database (NACAD) guidelines 
for organ sampling and trimming in rats and mice (Morawi-
etz et al. 2004; Ruehl-Fehlert et al. 2003), followed by 

embedding in paraffin wax, sectioning at 2 µm thickness, 
and staining with hematoxylin and eosin (HE).

Imaging and illustrations

Micrographs of representative lesions were obtained using 
an Olympus BX51 microscope equipped with a DP72 12.8 
megapixel digital color camera and cellSens Standard v. 
1.7.1 software (Olympus Corp., Tokyo, Japan). Figures 
were further processed with Adobe® Photoshop® v. 7.0 
(Adobe Systems, Inc., San Jose, CA, USA), thereby adjust-
ing contrast and brightness, if necessary.

Assessment of the NDMA concentration in the urine of the 
experimental animals

Urine was collected in the next-to-last week of the study 
by housing 16 animals (4 from each group) individually in 
metabolic cages (TECNIPLAST, Hohenpeißenberg, Ger-
many) for 24 h. Gathered urine samples (5–10 ml) were 
stored in 50-ml tubes (Greiner Bio-One, Frickenhausen, 
Germany) protected from light at −80 °C until analysis. 
Sample extraction was performed using Supelclean coco-
nut charcoal SPE tubes (Sigma-Aldrich, Schnelldorf, Ger-
many) based on the U.S. Environmental Protection Agency 
method 521 for the detection of nitrosamines in drinking 
water (Munch and Bassett 2004). d6-NDMA (Restek, Bad 
Homburg, Germany) was added to the urine samples as 
internal standard prior to sample preparation. The nitrosa-
mines were eluted from the SPE tubes using methylene 
chloride (VWR, Leuven, Belgium) and concentrated under 
a gentle stream of nitrogen at 35 °C to a volume of approxi-
mately 0.5 ml. An aliquot of 5 µl was injected into the GC–
MS. As residue-free urine was not available, the method 
validation was performed by using synthetic human urine 
(Synthetic Urine, Nussdorf, Germany) spiked with NDMA 
(Restek). The samples were analyzed on an Agilent 7890A 
gas chromatograph (Waldbronn, Germany) coupled to an 
Agilent 5975C mass selective detector (MSD) applying the 
following parameters: column: Agilent DB-WAX (polyeth-
ylene glycol, 30 m; 0.25 mm i.d.; 0.5 µm film thickness); 
carrier gas: helium, 1.9 ml/min, constant flow; oven tem-
perature program: 1 min 35 °C, +20 °C/min, 1 min 200 °C, 
backflush 3 min 200 °C; programmed temperature vapori-
zation on an Agilent multimode inlet: inlet temperature 
program: 0.06 min 37 °C, +600 °C/min, 5 min 240 °C; 
vent flow 100 ml/min at 0.34 bar; ionization: 70 eV, EI, 
SIM mode (m/z: 80, 74, 42).

Statistical analysis

Statistical analysis of the data was performed with Prism 
v. 6.04 (GraphPad Software, Inc., La Jolla, CA, USA). The 
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Shapiro–Wilk normality test was used to assess probabil-
ity distribution of the datasets. Normally distributed sets 
were subjected to a one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test, while non-normally 
distributed data or data with too few independent experi-
ments to perform a Shapiro–Wilk test (analysis of NDMA 
levels in rat urine) were subjected to a Kruskal–Wallis test 
followed by Dunn’s post hoc comparison. The relationship 
between the frequencies of pathohistological findings and 
l-carnitine treatment was analyzed by means of Pearson’s 
chi-squared test. Statistical significance was considered if 
p ≤ 0.05.

Results

Clinical observations

In the first week upon arrival, the animals showed signs 
of an SDAV infection. SDAV is a relatively common and 
rat-specific coronavirus with high morbidity and very low-
to-no mortality (Gaillard and Clifford 2000; Jacoby and 
Gaertner 2006). The infection was relatively silent, the 
most prominent clinical symptom being sneezing followed 
by red-colored nasal discharge.

Experimental findings

In groups 1, 2 and 3, one animal had to be euthanized 
before the completion of the study. All other animals com-
pleted the study in good general condition. No statisti-
cally significant differences were observed between the 
groups regarding the final body weight, all animals weigh-
ing ~410 g at the end of the study (Table 1, “Final bw”). 

Similarly, the final weight of the various organs sampled 
from the different animals did not differ across the groups 
in a significant manner (Table 1, “Kidney, liver and spleen 
weight”). Interestingly, the rats in the highest dose group 
(group 4) drank significantly more water than the animals 
in groups 1 (control) and 2 (lowest dose; Table 1, “Water 
uptake”). Based on average water consumption of 18.3 ml/
rat/day (Table 1, “Water uptake”) and an average body 
weight of 260 g/rat (Table 1; approximate average between 
starting and final body weight), animals in groups 2, 3 and 
4 ingested 70.4, 140.8 and 351.9 mg l-carnitine/kg bw/
day, respectively. Based on a formula published by Rea-
gan-Shaw et al. (2008) and using standard conversion fac-
tors published by the U.S. Food and Drug Administration 
(Center for Drug Evaluation and Research 2005), these 
dosages would equal to a human equivalent dose (HED) of 
~11.4, ~22.8 and ~57.1 mg/kg bw, respectively.

Regarding ACF formation and ACF multiplicity 
(crypts/ACF), there was no statistically significant 
difference between the four groups tested (Tables 2, 3)

Histopathological alterations in the aorta were only seen 
in one animal of the control group, showing mild focal 
degenerative changes in the media accompanied by a mild 
infiltration of macrophages and mineralization (Fig. 1a; 
Table 3). Histopathological examination of the heart 
revealed a mild multifocal chronic lymphohistiocytic 
myocarditis with myocardial degeneration and fibrosis in 
about 50 % of the rats, but no statistically significant differ-
ence between the groups was observed (Fig. 1b; Table 3). 
Moreover, all animals displayed a variable degree of bile 
duct hyperplasia (Fig. 1c), and a high number of animals 
showed a mild-to-moderate multifocal acute to subacute 

Table 1  Physiological data of the experimental animals

Where applicable, values are shown as mean ± standard deviation

* Weight of one kidney
▲ Calculated on the basis of the mean of the weekly water consumption of two animals/cage
a Kruskal–Wallis test followed by Dunn’s post hoc analysis
b One-way ANOVA followed by Tukey’s post hoc analysis
α Significantly different (p < 0.01) when compared to group 1
β Significantly different (p < 0.001) when compared to group 2

Group 1 (0 g/l) Group 2 (1 g/l) Group 3 (2 g/l) Group 4 (5 g/l)

Number of animals 19 19 19 20

Starting body weight (g)a 105.1 ± 7.9 102.4 ± 7.0 101.9 ± 6.9 101.6 ± 6.9

Final body weight (g)a 410.5 ± 19.6 408.5 ± 14.6 413.2 ± 14.1 414.5 ± 18.3

Kidney weight (g)*,a 1.27 ± 0.08 1.26 ± 0.07 1.28 ± 0.1 1.30 ± 0.09

Liver weight (g)b 11.4 ± 1.0 11.4 ± 0.9 11.6 ± 0.8 11.9 ± 0.9

Spleen weight (g)b 0.82 ± 0.1 0.83 ± 0.08 0.84 ± 0.06 0.84 ± 0.08

Water uptake (ml/day/animal)▲,a 18.1 ± 1.6 18.1 ± 2.1 18.3 ± 1.2 18.8 ± 1.8α,β
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Table 2  Number of ACF/animal and number of crypts/ACF

Where applicable, values are shown as median ± range
a Number of animals with ACFs/total number of animals analyzed, frequency (%) in parentheses
b Kruskal–Wallis test followed by Dunn’s post hoc analysis

Group 1 (0 g/l) Group 2 (1 g/l) Group 3 (2 g/l) Group 4 (5 g/l)

Number of animals with ACFsa 1/19 (5.3) 3/19 (15.8) 2/19 (10.5) 0/20 (0)

Localization of ACFs Middle part of  
the colon

Middle (2) and distal (1)  
part of the colon

Middle part of  
the colon

–

ACFs/animalb 0 ± 0–1 0 ± 0–1 0 ± 0–1 0 ± 0–0

Crypts/ACF 2 ± 2–2 2 ± 2–3 2.5 ± 2–3 0 ± 0–0

Table 3  Pathohistological findings in the aorta, heart and liver of the animals

All pathohistological findings analyzed with Pearson’s chi-squared test
a Number of animals with the mentioned alteration/total number of animals analyzed, frequency (%) in parentheses

Group 1 (0 g/l) Group 2 (1 g/l) Group 3 (2 g/l) Group 4 (5 g/l)

Focal degenerative changes in the aortaa 1/19 (5.3) 0/19 (0) 0/19 (0) 0/20 (0)

Lymphohistiocytic infiltrations in the heart (myocarditis)a 12/19 (63.2) 11/19 (57.9) 9/19 (47.4) 8/20 (40.0)

Myocardial degenerationa 12/19 (63.2) 6/19 (31.6) 10/19 (52.6) 10/20 (50.0)

Myocardial fibrosisa 11/19 (57.9) 5/19 (26.3) 10/19 (52.6) 10/20 (50.0)

Suppurative and necrotizing hepatitisa 15/19 (78.9) 13/19 (68.4) 16/19 (84.2) 18/20 (90.0)

Bile duct hyperplasiaa 19/19 (100) 19/19 (100) 19/19 (100) 20/20 (100)

Fig. 1  a Aorta of a control animal: mild focal degenerative changes 
in the media accompanied by a mild infiltration of macrophages 
and mineralization (arrowheads; L lumen). b Heart of an animal of 
group 4: mild multifocal chronic lymphohistiocytic myocarditis 
with myocardial degeneration and fibrosis. c Liver of a control ani-

mal: mild bile duct hyperplasia, associated with mild lymphohis-
tiocytic infiltration. d Liver of a control animal: focal suppurative 
and necrotizing hepatitis. HE. Scale bars a, b, d 100 µm, scale bar 
c 50 µm
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suppurative and necrotizing hepatitis (Fig. 1d), without 
statistically significant differences between the groups 
(Table 3). Except for a hepatocellular carcinoma in one ani-
mal of group 1, no tumors were observed within the livers 
of the remaining animals.

No significant differences regarding the NDMA con-
tent in the urine of the animals was observed between 
the test groups (Fig. 2). Interestingly, animals receiving 2 
or 5 g/l l-carnitine (groups 3 and 4) seem to excrete the 
lowest amount of NDMA, median concentrations reach-
ing 281.9 ng/ml and 267.6 ng/ml, respectively (group 1: 
314.2 ng/ml; group 2: 348.8 ng/ml). However, it has to 
be noted that the differences are not statistically signifi-
cant and that the amount of urinary NDMA strongly varies 
between the animals tested in each group (Fig. 2).

Discussion

The final mean body weights of the rats recorded during 
the course of this study correspond to weights measured in 
untreated F344 rats of the same age (Solleveld et al. 1984). 
In contrast, the water uptake of the rats in this study was 
somewhat reduced when compared to the water uptake of 
laboratory rats in general (Hofstetter et al. 2006). Although 
rats administered 5 g/l l-carnitine drank significantly more 
water than animals in groups 1 and 2, this finding can be 
considered as biologically irrelevant, and it is question-
able whether it is actually related to l-carnitine supple-
mentation. F344 rats have extensively been used in long-
term (i.e., 2 years-long) carcinogenicity studies (Dinse 
et al. 2010; Solleveld et al. 1984) and are characterized by 
an extremely low spontaneous incidence rate (0.1–0.6 %) 
of neoplasms of the small and large intestine (Haseman 
et al. 1998), rendering them particularly useful for the 

investigation of putative colon carcinogens. However, 
ACFs seem to spontaneously develop in the colon of F344 
rats with a fairly high incidence (40–60 %), even in ani-
mals killed at an earlier age than those in the present study 
(Furukawa et al. 2002; Tanakamaru et al. 2001). With an 
overall frequency of 7.7 % and no statistically significant 
difference in the number of ACFs/animal between the test-
ing groups, ACF formation in this study is considered to be 
spontaneous and not related to l-carnitine supplementation. 
In addition, the data obtained in the course of this study 
show that the administration of different l-carnitine dos-
ages does not lead to increased amounts of NDMA being 
excreted via the urine when compared to untreated animals, 
a fact which might furthermore explain the low ACF inci-
dence. Even though there was no difference between the 
test groups, it should be noted that a “basal” NDMA level 
(376.2 ± 169.8 ng/ml on average) was nevertheless observ-
able in the urine of the animals in group 1. This might be 
the result of its endogenous formation or of a contamina-
tion of unknown etiology (Kraft et al. 1981; Tricker and 
Preussmann 1991; Vermeer et al. 1998).

Regarding the possible influence of the SDAV infection 
on the outcome of the study at hand, it should be mentioned 
that the repair processes in the affected tissues (respiratory 
tract, eye, salivary and lacrimal glands) begin 5–7 days post 
infection and in the case of the salivary and lacrimal glands 
are completed after about 21 days (Jacoby and Gaertner 
2006; Percy et al. 1988). Since SDAV infection occurred 
at the very beginning of the study and the animals had 
3–4 weeks to recover, we do not suspect any major effect 
of the virus on the outcome of this study, especially since 
SDAV is not known to interfere with colon tumorigenesis 
or heart-related pathologies (Jacoby and Gaertner 2006). 
The latter statement as well as the fact that immunocompe-
tent animals develop immunity and recover relatively fast 
with barely any sequelae (Jacoby and Gaertner 2006) led 
to the decision, not to kill the entire colony and to continue 
the experiment.

Particularly, male rats develop a plethora of pathologic 
changes with increasing age, the most common being spon-
taneous tumors, chronic nephropathy and lesions of the car-
diovascular system (Coleman et al. 1977; King and Russell 
2006). The pathologic findings related to the cardiovascu-
lar system described in this study clearly fall in this cat-
egory. Focal myocardial degeneration in conjunction with 
inflammation (lymphohistiocytic infiltrations) followed by 
myocardial fibrosis have been described in aged F344 rats 
as well as other rat strains in incidences comparable to the 
ones reported herein, especially when the animals were fed 
ad libitum (Blankenship and Skaggs 2013; Coleman et al. 
1977; Goodman et al. 1979; Hall et al. 1992; Keenan et al. 
1995a, b; Maeda et al. 1985). In this context, the left ven-
tricular papillary muscle, which was the primarily affected 

Fig. 2  NDMA concentrations in the urine of the experimental ani-
mals collected in the next-to-last week of the study. Shown is the 
median as well as NDMA levels of each individual animal/group 
(mean of three measurements/sample). The dataset was subjected to a 
Kruskal–Wallis test followed by Dunn’s post hoc comparison
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location in numerous animals (data not shown), is reported 
to be a preferred site for these lesions (Percy and Barthold 
2008). Additionally, aging rats commonly exhibit hyper-
plastic bile ducts (King and Russell 2006). According to 
Coleman et al. (1977), 75 % of approximately 12-month 
old F344 rats show bile duct hyperplasia, a finding which 
contrasts the incidence of 100 % reported in this study, 
although, still in accordance with the same source, simi-
lar incidences were reported in significantly older animals 
(>18 months). In contrast, control F344 rats used in 2-year 
carcinogenicity studies of the U.S. National Institutes 
of Health Carcinogenesis Testing Program only margin-
ally suffered from bile duct hyperplasia, 24.5 % of male 
and 12.5 % of female F344 rats being affected (Goodman 
et al. 1979). The frequency of multifocal suppurative and 
necrotizing liver lesions observed in this study (68.4–
90.0 %) was distinctly above the relatively low incidence 
of spontaneous necrotizing processes previously described 
in aged male F344 rats (approx. 6,9 %; Hall et al. 1992). 
Although we were unable to identify characteristic viral, 
bacterial, mycotic or parasitic structures within the liver 
lesions employing routine and special histological stain-
ing methods (Gram stain, periodic acid Schiff-reaction, 
and Groccott silver stain; data not shown), we cannot rule 
out the possibility that the animals were infected with 
agents such as Clostridium piliforme (Tyzzer’s disease), 
Salmonella spp. or Corynebacterium kutscheri (Percy and 
Barthold 2008; Thoolen et al. 2010). However, since all 
test groups were equally affected, this finding is clearly not 
related to the l-carnitine treatment. Additionally, it should 
be considered that these lesions were mainly of mild, sub-
clinical grade and acute in character and therefore might 
have developed only in the last days (or the last week) of 
the study, thus rendering an influence on ACF formation or 
the onset of cardiovascular lesions unlikely.

No definitive (sub-)intimal atherosclerotic lesions were 
observed in the aortas of the animals. The degenerative 
changes observed in the aorta of one control rat were inter-
preted as an incidental finding of unknown etiology and are 
in agreement with the previously reported rare spontaneous 
lesions described in old F344 rats (King and Russell 2006). 
Since this finding concerns only one animal in the control 
group, a carnitine-related cause can be excluded. Addition-
ally, it should be noted that rats, except for specially bred 
strains, generally do not develop atherosclerosis (King and 
Russell 2006; Moghadasian 2002). This fact together with 
differences in the composition of the gut microbiota, the 
metabolism of l-carnitine as well as the amount (1.3 g/l) 
of l-carnitine given to the apolipoprotein E-knockout mice 
might explain the divergent results of the study at hand to 
that conducted by Koeth et al. (2013) regarding the forma-
tion of atherosclerotic lesions.

In conclusion, this study provides evidence that the daily 
administration of l-carnitine in concentrations of 70.4, 
140.8 and 351.9 mg/kg bw/day for 1 year does not lead to 
an adverse effect in the colon or cardiovascular system of 
male F344 rats.
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