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We appreciate the comments of Jegatheesan et al. (1) on
our article (2), as well as the remarks of Irving et al. (3).
Jegatheesan et al. (1) also summarize citrulline’s beneficial
effects, specifically in nonalcoholic fatty liver disease, and
characterize this amino acid as a coin with two sides. They
suggest citrulline as a marker of insulin resistance as well
as an insulin-sensitizing amino acid (1). Although this is
an interesting question, it was not the subject of our study
and therefore could not be addressed (2).

We would like to emphasize that we did not speculate
about a direct association between high citrulline and
insulin resistance. In fact, we did not observe significantly
different relative concentrations of citrulline in participants
with normal glucose tolerance and with impaired glucose
tolerance or type 2 diabetes (T2D) not treated with
antidiabetes drugs (ndt-T2D) in the KORA (Cooperative
Health Research in the Region of Augsburg) cohort (2).
However, we observed significantly lowered values of cit-
rulline when comparing the relative serum concentrations

(nontargeted approach) of metformin-treated T2D (mt-T2D)
patients with those of more than 1,000 participants with
normal glucose tolerance, impaired glucose tolerance, and
ndt-T2D, as Fig. 1A in our article showed (2). Given the
assumption that these individuals represent normal lev-
els, the observed values in mt-T2D patients are lower
and not just a normalization of a supposed T2D-induced
“citrullinemia” (1). All this is corroborated in murine plasma,
skeletal muscle, and adipose tissue but not in the liver (2).
We fully agree that understanding of the underlying mech-
anisms would benefit from further investigations including
kidney and gut tissues. Unfortunately, these data were not
present in our previous study (2).

We advise caution with the statement by Jegatheesan
et al. (1) that “the liver does not play any significant role
in these interorgan exchanges because liver citrulline is almost
exclusively synthesized locally and channeled into the urea
cycle.” It has been shown that citrulline can be taken up by
the liver from the blood (4). Irrespective of the fact that the
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liver citrulline values we presented in Fig. 1B of our article (2)
are not significantly influenced by metformin intake, it is
known that the liver is the main target of metformin (5).

In summary, we would like to expand on the question
raised about the two sides of the coin to the potential
coherence. Is metformin’s beneficial effect on insulin sen-
sitivity mediated not only by inhibiting gluconeogenesis
(5) but also by its effect on the nitric oxide cycle (3) and
the consequent alteration of citrulline concentrations? We
therefore support the suggestion by Jegatheesan et al. (1)
to investigate the interaction of citrulline and metformin.
Clinical studies to investigate the specific role of citrulline
in T2D and its potential treatment benefits as a supple-
ment to metformin are highly promising.
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