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Abstract
Metformin (N,N-dimethylbiguanide), an inhibitor of gluconeogenesis and insulin sensitizer, is widely used for the treatment 
of type 2 diabetes. In some patients with renal insufficiency, metformin can accumulate and cause lactic acidosis, known as 
metformin-associated lactic acidosis (MALA, defined as lactate ≥ 5 mM, pH < 7.35, and metformin concentration > 38.7 µM). 
Here, we report on the post-translational modification (PTM) of proline (Pro) to 4-hydroxyproline (OH-Pro) in metformin-
associated lactic acidosis and in metformin-treated patients with Becker muscular dystrophy (BMD). Pro and OH-Pro were 
measured simultaneously by gas chromatography–mass spectrometry before, during, and after renal replacement therapy in 
a patient admitted to the intensive care unit (ICU) because of MALA. At admission to the ICU, plasma metformin concentra-
tion was 175 µM, with a corresponding lactate concentration of 20 mM and a blood pH of 7.1. Throughout ICU admission, 
the Pro concentration was lower compared to healthy controls. Renal excretion of OH-Pro was initially high and decreased 
over time. Moreover, during the first 12 h of ICU admission, OH-Pro seems to be renally secreted while thereafter, it was 
reabsorbed. Our results suggest that MALA is associated with hyper-hydroxyprolinuria due to elevated PTM of Pro to 
OH-Pro by prolyl-hydroxylase and/or inhibition of OH-Pro metabolism in the kidneys. In BMD patients, metformin, at the 
therapeutic dose of 3 × 500 mg per day for 6 weeks, increased the urinary excretion of OH-Pro suggesting elevation of Pro 
hydroxylation to OH-Pro. Our study suggests that metformin induces specifically the expression/activity of prolyl-hydroxylase 
in metformin intoxication and BMD.
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Introduction

The biguanide metformin is the most commonly prescribed 
oral antihyperglycemic drug to treat type 2 diabetes (Davies 
et al. 2022). The exact mechanisms of metformin's pharma-
cological actions are not fully understood. Most pleiotropic 
effects of metformin are attributed to its unique property of 
mild but specific inhibition of complex I within the mito-
chondrial electron transport system (Apostolova et al. 2020).

Absorption of orally administered metformin is carrier-
mediated by plasma membrane monoamine transport-
ers and organic cation transporters (OCT). Metformin 
is not bound to proteins. It is eliminated primarily in 
its unchanged form via renal secretion. In renal tubule 
cells, OCT-1, OCT-2, and multidrug and toxin extrusion 
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(MATE) transporters mediate the transcellular movement 
of metformin (Graham et al. 2011).

Because of its mode of elimination, patients with renal 
insufficiency can accumulate metformin and develop 
metformin-associated lactic acidosis (MALA). MALA is 
a severe form of lactic acidosis (plasma pH < 7.35 and 
plasma lactate > 5 mM) among metformin users that have 
a toxic metformin concentration, although this toxic met-
formin blood concentration is not well defined (Lalau 
et al. 2017). A recent study linked a metformin concentra-
tion of ≥ 9.9 mg/L with lactic acidosis, while the highest 
level measured in controlled clinical trials for metformin 
approval was 5 mg/L (Bennis et al. 2020; Kajbaf et al. 
2016). In the absence of other pathophysiological condi-
tions that cause acidosis, for example in intentional met-
formin intoxication, the development of lactic acidosis is 
named metformin-induced lactic acidosis (MILA) (Lalau 
et al. 2017).

The pathophysiology of MALA is characterized by 
reduced lactate clearance due to impaired gluconeogenesis 
combined with systemic mitochondrial respiratory suppres-
sion without global hypoxia, known as dysoxia, ultimately 
causing an increase in anaerobic metabolism (Andreis et al. 
2021; Neal et al. 2015; Takiyama et al. 2011; Protti et al. 
2010, 2012a, b). In patients with diabetes, the incidence of 
MALA is estimated to range between 3 and 10 per 100,000 
person-years and is associated with a mortality rate of up to 
40% (Inzucchi et al. 2014). Often, patients with MALA are 
treated in the intensive care unit (ICU), requiring compre-
hensive supportive care in combination with renal replace-
ment therapy (RRT) like intermittent hemodialysis (HD), or 
when not possible in circumstances of hemodynamic insta-
bility, continuous RRT (Calello et al. 2015).

Amino acid residues in proteins undergo post-transla-
tional modifications (PTM) (Tsikas 2021, 2022). Metformin 
use has been associated with changes in concentrations of 
amino acids and their metabolites (Preiss et al. 2016). Yet, 
there is scarce information on whether metformin toxic-
ity affects PTM (Wu et al. 2019; Wu 2020). Proline (Pro) 
residues in proteins are specifically hydroxylated to (2S,4R)-
4-hydroxy-proline (OH-Pro) by prolyl 4-hydroxylases (P4H, 
EC 1.14.11.2) (Gorres and Raines 2010). Prolyl hydroxy-
lases require iron and ascorbate as cofactors for their oxida-
tion activity.

In the present study, we determined the concentration 
of Pro and OH-Pro in plasma, dialysate, and urine samples 
collected at various time points during ICU admission of a 
patient treated with RRT for MALA. Additionally, to gain 
more insight into Pro metabolism, we measured Pro and 
OH-Pro in serum samples of Becker muscular dystrophy 
(BMD) patients who received oral metformin at a therapeu-
tic dose (Hafner et al. 2016; Hanff et al. 2018). In these 
studies, we used a validated stable-isotope dilution gas 

chromatography–mass spectrometric (GC–MS) method for 
the quantitative measurement of Pro and OH-Pro.

Methods

Case report—metformin intoxication

After the onset of diarrhea and vomiting, a 70-year-old 
female with a body weight of 84 kg and previously nor-
mal renal function presented at the emergency department 
of another hospital. She took metformin 500  mg three 
times daily for type 2 diabetes. Besides hypertension, she 
did not have any relevant other comorbidities. The patient 
was oliguric, and laboratory tests showed acute renal fail-
ure (plasma creatinine 606 µM or 6.8 mg/dL) with hyper-
kalemia (5.9 mM). Neither lactate level nor metformin blood 
concentration was measured. Metformin was discontinued, 
and extensive fluid resuscitation and treatment with an oral 
potassium-binding resin were initiated. Two days later, she 
was admitted to the ICU of the referring hospital because 
of decreased consciousness and hypotension. Arterial blood 
gas analysis showed severe lactic acidosis (pH 6.81 and lac-
tate 16.0 mM). After intubation, 300 mL of sodium bicarbo-
nate 8.4% was infused, and norepinephrine was initiated as a 
vasopressor. Throughout admission to the referring hospital 
and, subsequently, to our hospital, there were no signs of 
severe inflammation or liver dysfunction.

Subsequently, the patient was transferred to our hospital 
to start RRT. The RRT circuit was anticoagulated first with 
heparin and later with citrate. At ICU admission, the blood 
metformin concentration was 22.6 mg/L (175 µM), with a 
corresponding lactate concentration of 20 mM, bicarbonate 
concentration of 5 mM and a blood pH of 7.1. Hemodialy-
sis was performed for 3 h with an AK200 Ultra S dialysis 
apparatus (Gambro, Breda, the Netherlands) using a hollow-
fiber low-flux dialyzer (Polyflux 17L, Baxter, Utrecht, The 
Netherlands). The average blood flow was 256 mL/min dur-
ing hemodialysis; the dialysate flow rate was 600 mL/min. 
The dialysate temperature was kept constant at 36 °C and 
the average dialysate bicarbonate concentration was 35 mM.

During hemodialysis, the metformin plasma concen-
tration rapidly decreased, and the acidosis improved with 
an increase of pH from 7.26 to 7.40 in approximately 2 h. 
Likewise, lactate decreased from 21 mM to < 2 mM within 
12 h. After intermittent hemodialysis was stopped, continu-
ous veno-venous hemodiafiltration (CVVHDF) and, subse-
quently, continuous veno-venous hemofiltration (CVVH) 
was applied using the same dialyzer with a Prismaflex Sys-
tem (Baxter) with a Prismaflex ST 150 filterset. Heparin 
was used as anticoagulation during CVVHDF, whereas cit-
rate predilution was used during CVVH. During CVVHDF 
and CVVH, the blood flow rate was 190 mL/min for both 
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modalities, the post-dilution substitution flow rate was 
2150 mL/h, and the effluent flow rate was 50.6 mL/h and 
39.6 mL/h per kg bodyweight, respectively.

After 12 h from ICU admission, the metformin concentra-
tion had reached a level of < 5 mg/L (< 39 µM), a concen-
tration that is generally considered to be non-toxic (Kajbaf 
et al. 2016). RRT was finally discontinued 50 h after ICU 
admission and the patient was discharged from the ICU a 
day later. Six days after ICU admission, the creatinine clear-
ance had recovered to 51 mL/min. A month after discharge, 
the patient was doing well with a creatinine clearance of 
64 mL/min.

Ethical approval

Written informed consent was obtained from the patient 
admitted with MALA to the ICU to collect residual material 
and publication of this case report according to the CARE 
guidelines (Riley et al. 2017). Ethical approval was given by 
the institutional review board (METc 2014–552). After per-
forming arterial blood gas analysis using an ABL90 FLEX 
as part of routine clinical care, heparin-anticoagulated blood 
was collected from safePICO syringes (both Radiometer, 
Brønshøj, Denmark). Urine and dialysate were frequently 
collected. Subsequently, the samples were centrifuged at 
1000 × g for 12 min before storage at −80 °C.

Ethical statement Ethics and health authority approvals 
were obtained from the local Ethics Committee (Pilotstudie 
zur Untersuchung der Wirksamkeit von L-Citrullin und 
Metformin bei Erwachsenen mit Muskeldystrophie Becker; 
reference No. EKBB EK17/13) and the National Swiss 
Drug Agency (Swissmedic: Pilotstudie bei Muskeldystro-
phie Becker, reference No. 2013DR2067, release date 30 
May 2013).

GC–MS analysis of Pro and OH‑Pro in plasma, urine, 
and dialysate samples

Pro and OH-Pro were analyzed by GC–MS as their methyl 
ester pentafluoropropionic amide derivatives as described 
previously for amino acids (Hanff et al. 2019; Baskal et al. 
2022a). Plasma, urine, and dialysate (effluent) samples (10 
µL) were evaporated to dryness using a stream of nitrogen 
gas. The solid residues were reconstituted in 100-µL aliquots 
of a methanolic 2 M HCl solution and the vials were tightly 
sealed. Esterification was performed by heating the samples 
for 60 min at 80 °C. Trideutero-methyl esters of amino acids 
were newly prepared in situ and used as internal standards. 
Subsequently, N-pentafluoropropionylation of the methyl 
esters of the amino acids was performed by using a freshly 
prepared pentafluoropropionic anhydride (PFPA) solution in 
ethyl acetate (1:4, v/v) and heating the tightly sealed glass 
vials for 30 min at 65 °C.

The GC–MS behaviour of Pro and OH-Pro was investi-
gated in detail. The quantitative GC–MS method was vali-
dated in plasma and urine samples at relevant added con-
centrations. Quality control (QC) samples were analyzed 
in duplicate alongside the study samples to determine the 
precision and accuracy of the method for Pro and OH-Pro. 
For this purposes, urine was collected by a healthy non-
medicated volunteer and spiked with Pro and OH-Pro at 
concentrations of 0 µM, each 5 µM, each 10 µM, and each 
20 µM. The basal concentrations in the QC urine sample 
were determined to be 2 µM for OH-Pro and 6.8 µM for 
Pro, respectively, i.e., with a Pro/OH-Pro concentration ratio 
of 3.4:1. Similarly, QC was performed using plasma from 
EDTA-anticoagulated blood spent by the same volunteer 
after informed consent for Pro and OH-Pro at added con-
centrations of each 0 µM, 75 and 15 µM, 150 µM and 30 µM, 
and 300 and 60 µM, respectively. The basal concentrations in 
plasma were determined to be 301 µM for Pro and 21.2 µM 
for OH-Pro, i.e., with a concentration ratio of 14.2:1.

Metformin (Baskal et  al. 2022b) was measured by 
GC–MS in 10-µL aliquots of samples using commercially 
available and 2H6-labeled metformin (Sigma-Aldrich, Stein-
heim, Germany; declared isotopic purity of > 99 atom% 2H) 
as the internal standard. Upon evaporation to dryness, a 
single derivatization with PFPA in ethyl acetate (100 µL; 
1:4, v/v) for 30 min at 65 °C in tightly sealed glass was 
performed. Subsequent steps were as reported in previous 
work for metformin (Baskal et al. 2022b). Metformin was 
also measured in all study samples by liquid chromatog-
raphy–tandem mass spectrometry (LC–MS/MS) using 
commercially available 2H6-labeled metformin as the inter-
nal standard (Posma et al. 2020). In plasma (0–10 mg/L), 
urine (0–650 mg/L), and effluent (0–10 mg/L) samples, 
there was a high correlation after Pearson between the met-
formin concentrations measured by GC–MS (y) and those 
measured by LC–MS/MS (x): y = 0.3 + 1.0x (r = 0.99) for 
plasma, y = 34 + 0.7x (r = 0.98) for urine, and y = 0.2 + 1.4x 
(r = 0.99) for effluent. For simplicity, the metformin concen-
trations measured by GC–MS were reported in this work. 
Detailed information on the method comparison is reported 
in Fig. S1.

GC–MS conditions

One-µL aliquots of the extracts (toluene) were injected split-
less into the GC–MS apparatus, which consisted of a single 
quadrupole mass spectrometer model ISQ, a Trace 1210 
series gas chromatograph, and an AS1310 autosampler from 
ThermoFisher (Dreieich, Germany). A fused-silica capillary 
column Optima 17 (15 m length, 0.25 mm I.D., 0.25 µm film 
thickness) from Macherey–Nagel (Düren, Germany) was 
used. For amino acids, the injector temperature was kept at 
280 °C. Helium was used as the carrier gas at a constant flow 
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rate of 1.0 mL/min. Interface and ion-source temperatures 
were set to 300 and 250 °C, respectively. Interface and ion-
source were set to 260 and 250 °C, respectively. Electron 
energy was 70 eV and electron current 50 µA. Methane was 
used as the reactand (buffer) gas at a constant flow rate of 
2.4 mL/min for negative-ion chemical ionization (NICI). 
Oven temperature programs were used as described else-
where (Hanff et al. 2019). The starting oven temperature 
for metformin was held at 90 °C for 0.5 min and ramped to 
210 °C at a rate of 15 °C/min and then to 320 °C at a rate 
of 35 °C/min. In quantitative analyses, the dwell time was 
100 ms for each ion in the selected-ion monitoring (SIM) 
mode and the electron multiplier voltage was set to 1900 V.

Calculations

Analytical precision and accuracy were determined by 
standard methods as described for endogenous analytes 
(Tsikas 2009). Precision (actually imprecision) was calcu-
lated from replicate analyses and was reported as relative 
standard deviation (RSD, %). Accuracy was calculated for 
added concentrations of the analytes considering the basal 
concentrations of the analytes and is reported as recovery 
(%). Renal excretion, fractional excretion (FE, %) and tubu-
lar reabsorption values (T, %) were calculated as described 
in the Supplement.

Statistical analyses

Data analyses were performed with GraphPad Prism version 
7 (GraphPad Software, San Diego, California, USA) and 
R version 4.2.2 (R Foundation for Statistical Computing, 
Vienna, Austria). Normally distributed continuous data are 
presented as means with standard deviation (SD). If a nor-
mal distribution could not be assumed, data are presented as 
median with interquartile range.

Results

Analysis of Pro and OH‑Pro by GC–MS—
characterization of the derivatives

The GC–MS method for Pro and OH-Pro involves a two-step 
derivatization as described previously for amino acids (Hanff 
et al. 2019). The first derivatization step is HCl-catalyzed 
methylation of the carboxylic groups of Pro and OH-Pro. 
The second derivatization step is the esterification of the OH 
group of OH-Pro and the amidation of ring amine groups of 
Pro and OH-Pro by PFPA.

The GC–MS spectra of the unlabeled and deuterium-
labeled methyl ester-pentafluoropropionyl (PFP) derivatives, 
d0Me-PFP and d3Me-PFP, of Pro (retention time, 6.94 and 

6.92 min, respectively) and of OH-Pro (retention time, 6.61 
and 6.62 min, respectively) are shown in Fig. 1. These mass 
spectra suggest that Pro forms a Pro-d0Me-PFP derivative 
and a Pro-d3Me-PFP derivative. Analogous, OH-Pro forms a 
OH-Pro-d0Me-(PFP)2 derivative and a OH-Pro-d3Me-(PFP)2 
derivative. The OH-Pro derivative carries one PFP residue 
on the N atom and one PFP residue on the O atom on the 
ring position 4. The shorter retention times of OH-Pro-Me-
(PFP)2, i.e., OH-Pro-Me-(N-PFP, O-PFP) compared to Pro-
Me-PFP, i.e., Pro-Me-(N-PFP), suggest that the OH-Pro-Me-
(PFP)2 derivatives are more volatile than the Pro-Me-PFP 
derivatives, despite its considerably higher molecular mass 
(437 vs. 275). This is likely due to the diester functionality 
of the OH-Pro-Me-(PFP)2 derivatives.

The most characteristic ions are mass-to-charge (m/z) 
255 and m/z 235 for the Pro-d0Me-PFP derivative, and m/z 
258 and m/z 238 for the Pro-d3Me-PFP derivative. The most 
intense ion m/z 240 is common to both derivatives of Pro due 
to neutral loss of the CH3 (15 Da) and CD3 (18 Da) groups 
from the methylated carboxylic groups, respectively. The 
most characteristic ions are m/z 417 and m/z 397 for the OH-
Pro-d0Me-(PFP)2 derivative, and m/z 420 and m/z 400 for the 
OH-Pro-d3Me-(PFP)2 derivative. The absence of ions at m/z 
163 and m/z 144 in the mass spectra of the Pro derivatives 
confirms the absence of an OH group in Pro (Fig. 1).

The mass spectra of the derivatives of Pro and OH-Pro 
differ entirely from each other. Even in the case of chromato-
graphic coelution, Pro and OH-Pro would be able to be spe-
cifically measured in biological samples after the two-step 
derivatization in the order reported here. The mass spectra of 
Fig. 1 indicate no conversion of Pro to OH-Pro or of OH-Pro 
to Pro under the derivatization and GC–MS conditions used 
in the study. We did not observe neutral losses of 21 due to 
DF loss in the mass spectra of the d3Me derivatives, suggest-
ing that the methyl ester group does not interact with the PFP 
residues of the derivatives. The abundant neutral losses of 
20 due to HF strongly suggest that the PFP residues interact 
with the H atoms of the ring systems of Pro and OH-Pro.

Simultaneous quantitative analysis of biological Pro 
and OH‑Pro by GC–MS

Quantitative measurements were performed in the SIM 
mode: m/z 255 and m/z 258 for Pro, and m/z 397 and m/z 400 
for OH-Pro for the endogenous amino acids and their inter-
nal standards, respectively. GC–MS chromatograms from 
the simultaneous analysis of OH-Pro and Pro in a patient 
plasma sample and in a patient urine sample collected each 
at the same time point (about 5.5 h) are shown in Fig. 2.

Precision and accuracy of the GC–MS method for Pro 
and OH-Pro were determined using human plasma and 
urine QC samples. Precision (RSD, %) ranged between 0 
and 11.5% in urine, and between 0.1 and 5.8% in plasma 
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Fig. 1   Methane negative-ion chemical ionization (NICI) GC–MS 
spectra obtained from the separate derivatization and analysis of A, B 
synthetic OH-Pro and C, D synthetic Pro (each 5 nmol injected). The 
methyl ester (Me) pentafluoropropionyl (PFP) derivatives were first 

prepared in 2 M HCl in CH3OH or 2 M HCl in CD3OD, followed by 
their derivatization with pentafluoropropionic anhydride in ethyl ace-
tate. Insets indicate the proposed structures of the derivatives formed 
and the mass fragments produced during NICI
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Fig. 1   (continued)
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for Pro and OH-Pro, respectively. Accuracy (recovery, %) 
ranged between 97 and 120% in the urine, and between 116 
and 120% in the plasma QC samples for Pro and OH-Pro, 
respectively. These data indicate an analytically satisfactory 
performance of the GC–MS method in human plasma and 
urine samples in relevant concentration ranges of Pro and 
OH-Pro.

We investigated potential interference between metformin 
(Metf) and OH-Pro in human urine samples. The peak 
area of unlabeled metformin (d0-Metf) increased linearly 
(r2 = 0.9949) with increasing concentration of derivatized 
d0-Metf (0–2000 µM). The peak area of deuterium-labeled 
metformin (d6-Metf) also increased linearly (r2 = 0.9331) 
with increasing concentration of derivatized d6-Metf 
(0–2000 µM). There was no linearity between the peak area 
of OH-Pro, d3-OH-Pro or the d0/d3-OH-Pro and the d0-Metf 
or d6-Metf concentration (data not shown). These observa-
tions suggest that neither d0-Metf nor d6-Metf are likely to 
interfere with the analysis of OH-Pro in human urine.

Effects of renal replacement therapy—time course 
of metformin, Pro and OH‑Pro

The concentration of metformin, creatinine (Crea), Pro 
and OH-Pro, and the Pro/OH-Pro molar ratio measured in 
plasma, urine and effluent samples during RRT are summa-
rized in Table 1. The time course of the plasma concentra-
tions of these analytes and their calculated renal excretion 
are presented in Fig. S2. The time-weighted mean plasma 
clearance was 85 ± 11 mL/min for CVVHDF and 56 ± 4 mL/
min for CVVH. The mean time-weighted clearance of Pro 
and OH-Pro was 70 ± 7 and 59 ± 10 mL/min for CVVHDF, 
respectively, and 50 ± 5 and 38 ± 3 mL/min for CVVH, 
respectively (Fig. S3). Renal excretion of Pro was negligi-
ble (< 1 mL/min), whereas renal excretion for OH-Pro was 
highly variable.

At admission, the concentration of OH-Pro and met-
formin were characterized by secretion of both compounds 
(for metformin about 200%, and OH-pro 300%, respectively) 
(Fig. 3). After starting RRT, tubules started to reabsorb OH-
Pro gradually until reaching a value close to 100%. Met-
formin secretion that increased after about 15 h of ICU 
admission likewise indicates that tubular function was at 
least partially restored (Fig. 3).

During the whole admission, the plasma concentration of 
metformin correlated with the plasma concentration of OH-
Pro (r = 0.762, P = 0.001), but not with that of Pro (r = 0.321, 
P = 0.208). In contrast, the urinary concentration of met-
formin correlated with that of Pro (r = 0.706, P = 0.001), 
but not with that of OH-Pro (r =  − 0.216, P = 0.619). Fur-
thermore, the lactate concentration correlated with that of 
metformin (r = 0.8628, P < 0.0001) and OH-Pro (r = 0.5707, 
P = 0.0184), but not with that of Pro (r = 0.2754, P = 0.2824).

Pro and OH‑Pro in BMD patients and effects 
of metformin

In the BMD patients, the highest measured serum metformin 
concentration was 11 µM (Baskal et al. 2022b), which is 
about seven times lower than the metformin concentration 
measured in the plasma of the intoxicated patient at ICU 
admission. In the urine of the BMD patients, the highest 
creatinine-corrected excretion rate of metformin was deter-
mined to be 650 µM/mM (Baskal et al. 2022b). This value 
is comparable to the value of 580 µM/mM measured in the 
patient at ICU admission.

In the serum and urine samples of the BMD patients col-
lected in a previous study (Hafner et al. 2016), we addition-
ally determined Pro and OH-Pro and calculated their molar 
ratio on the three visits (Scheme S1). In serum, there were 
no statistically significant differences for OH-Pro, Pro and 
the Pro/OH-Pro molar ratio between the three visits in the 
two study groups. The serum OH-Pro did not differ between 
the groups (Fig. 4A). However, the creatinine-corrected 
excretion rate of OH-Pro increased after single (Visit II) and 
combined (Visit III) administration of metformin (Fig. 4B). 
On Visit III, the urinary concentration of metformin corre-
lated with that of OH-Pro (r = 0.762, P < 0.001), when taken 
both groups together.

Discussion

Effects of metformin at toxic and therapeutic doses 
on Pro hydroxylation

In the present work, we studied the potential effects of 
MALA on Pro and OH-Pro in plasma and urine samples at 
admission and during RRT in an ICU. Preliminary analyses 
indicated highly elevated OH-Pro concentrations in urine, 
which have hitherto not been measured in healthy and dis-
eased humans. Therefore, we developed a stable-isotope 
GC–MS method that uses in situ prepared trideutero methyl 
esters of amino acids as internal standards after a two-step 
derivatization procedure (Hanff et al. 2019). We character-
ized structurally the derivatives of Pro and OH-Pro, and used 
the validated GC–MS method for their simultaneous meas-
urement in plasma, urine and effluent samples collected at 
admission and subsequent long-term renal replacement ther-
apy (RRT). Moreover, we cross-validated two orthogonal 
GC–MS and LC–MS/MS methods to determine metformin 
concentration in blood, urine, and dialysate (Baskal et al. 
2022b; Posma et al. 2020).

We observed very high concentrations of OH-Pro as 
measured in the first urine sample taken about 5.5 h after 
admission to the ICU. In addition, we observed tubu-
lar secretion of OH-Pro that gradually decreased until 
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eventually at 12 h after ICU admission nearly all of OH-Pro 
was reabsorbed. One may assume that toxic metformin levels 
or the very severe metabolic acidosis induced by metformin 
may interact with renal transporters for endogenous drugs 
and endogenous metabolites (Ivanyuk et al. 2017). This is 
exemplified by the result that both OH-Pro reabsorption and 
metformin secretion were restored to previously described 
levels, indicating that renal tubular function improved rather 
quickly over time despite the severity of acute kidney injury 
(AKI). AKI is a sudden decrease in kidney function that 
develops within 7 days (i.e., increase in serum creatinine 
concentration and/or decrease in urine output).

Exposure of healthy volunteers to metformin (1000 mg) 
was found to alter several known and unknown metabolites 
(Rotroff et al. 2018). In that study, OH-Pro was found to 
be one of the five most significantly increased metabolites 
in the plasma of the individuals whom received metformin 
(Rotroff et al. 2018). In the BMD patients of our previous 
study (Hanff et al. 2018), metformin alone or in combina-
tion with L-citrulline, at a therapeutic dose, did not result 
in appreciable changes in the serum concentrations of OH-
Pro. In urine, however, metformin alone or in combination 
with L-citrulline increased the urinary excretion of OH-Pro. 
These observations suggest that the elevated OH-Pro forma-
tion observed in our intoxicated patient requires much higher 
metformin doses (Rotroff et al. 2018).

We measured about two times higher plasma concentra-
tions of OH-Pro and Pro in pediatric patients (n = 44) under 
immunosuppressive therapy (tacrolimus, everolimus, cyclo-
sporin A) due to kidney transplantation, with the mean Pro/
OH-Pro molar ratio being 9.6 (Hanff et al. 2019). The mean 
creatinine-corrected urinary excretion rates of OH-Pro and 
Pro in these children were determined to be 3.2 and 11.5 µM/
mM, respectively (Hanff et al. 2019). The creatinine-cor-
rected excretion rate of OH-Pro was up to 20 times higher 
in the metformin-intoxicated patient of the present study for 
the first 12 h than under normal conditions. This comparison 
supports a high extent of the PTM (i.e., hydroxylation) of 
Pro to OH-Pro.

Besides a high extent of PTM, we cannot exclude addi-
tional concurring metabolic phenomena in our metformin-
intoxicated patient, like severe metabolic acidosis on its 
own. Indeed, some transporters within the IMINO transport 

system, responsible for Pro and OH-Pro excretion, were 
downregulated when mice were exposed to metabolic aci-
dosis (Moret et al. 2007). However, it is unknown whether 
this translates to reduced renal clearance (both metabolism 
and urinary excretion). Moreover, it has been reported that 
acidosis affects renal metformin transporter OCT-2 and 
MATE-1 gene expression and cellular uptake of metformin 
in vitro (Urakami et al. 1998; Sweet and Pritchard 1999). 
However, compared to controls, inducing metabolic acidosis 
did not affect renal clearance of metformin in rats (Gaowa 
et al. 2011). Metformin and creatinine are considered not 
to be metabolized. Among individuals with normal renal 
function, proline is renally extracted with a rate of 9.5 µmol/
min/100 mL GFR (Tizianello et al. 1980). Whole body 
clearance of proline is nearly halved in patients with severe 
acute kidney injury due to septic or hypovolemic shock, but 
it is unknown to which extent the kidney contributes to the 
reduction in clearance (Druml et al. 1986).

There are very few reports on hyper-hydroxyprolinuria 
in humans (Rokkones and Loken 1968; Swarna et al. 2003). 
In the urine of a 6-year-old girl, the creatinine-corrected 
excretion rates of OH-Pro and Pro were reported as 46 mg/g 
creatinine (40 µM/mM) and 115 mg/g creatinine (113 µM/
mM), respectively (Rokkones and Loken 1968). These val-
ues are about 1.5 and 26 times lower than the excretion rates 
we measured in our patient at 5.5 h, respectively. In the urine 
of a 2-year-old female child, the creatinine-corrected excre-
tion rates of OH-Pro and Pro were reported as 109.6 mg/g 
creatinine (181 µM/mM) and 95.6 mg/g creatinine (93.9 µM/
mM), respectively (Swarna et al. 2003). In both cases, hyper-
hydroxyprolinuria was due to congenital renal and retinal 
dysplasia. These values are still about 3 and 23 times lower, 
respectively, than the excretion rates we measured in our 
patient at admission.

In normal and diabetic mice, metformin was found to 
accumulate for several hours in the gastro-intestinal tract 
as well as in the kidney (Wilcock and Bailey 1994). After 
uptake from the gastro-intestinal tract, the kidney is essen-
tially the only organ that excretes metformin. Indeed, in a 
patient with MALA, the kidney was found to contain by far 
the highest metformin concentration (0.29 µmol/g), indicat-
ing accumulation of metformin in this organ (Posma et al. 
2020). Of note, no samples from the gastro-intestinal tract 
were obtained. The renal clearance of metformin is much 
higher than its glomerular filtration rate indicating a con-
siderable secretion of metformin by the proximal tubules 
(Somogyi et al. 1987). Structurally related drugs such as 
the guanidino-compound cimetidine have been shown to 
inhibit renal tubular secretion of metformin (Somogyi et al. 
1987; Graham et al. 2011). Given the very high metformin 
concentration measured in the urine of our patient at 5.5 h 
upon admission to our ICU, it is reasonable to assume that 
the renal handling of endogenous metabolites including 

Fig. 2   Typical partial GC–MS chromatograms from the simultane-
ous quantitative analysis of Pro and OH-Pro in A plasma and B urine 
samples of the metformin-intoxicated patient collected at about 5.5 h. 
SIM of m/z 255 and m/z 258 for Pro, and m/z 397 and m/z 400 for 
OH-Pro was performed. Upper panels show the endogenous com-
pounds, and the lower panels show the respective internal standards. 
Note the magnification by a factor of 20 for the OH-Pro peak in the 
plasma sample. The differences in the retention times of the endog-
enous unlabeled and deuterium-labelled amino acids are due to the 
presence of deuterium in the methyl group of the internal standards

◂
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glomerular filtration and tubular secretion or reabsorp-
tion was altered by metformin, or by the severe degree of 
acidosis.

Prolyl‑4‑hydroxylation and metformin

OH-Pro is the product of the PTM of Pro by prolyl-4-hy-
droxylase (P4H), which is a non-heme Fe(II) dioxygenase. 
P4H is the most abundantly expressed enzyme in the proxi-
mal tubules of the kidney (Lowry et al. 1985) (Fig. 5). P4H 
oxidizes Pro residues in certain proteins, notably including 
collagen and the hypoxia-inducible factor (HIF). P4H uses 
α-keto-glutarate, molecular oxygen (O2) and ascorbate as co-
substrates/cofactors (Gorres and Raines 2010). It has been 
shown that elevated Gln fluxes increased α-keto-glutarate 
concentrations, which in turn increased Pro hydroxylation 
in collagen (Stegen and Carmeliet 2019). In our study, the 
Gln/Glu concentrations in plasma and urine were normal 
(not shown), indicating no such effects of these amino acids.

Compared to placebo, metformin use among overweight 
or obese individuals with breast cancer has been associated 
with an increase in Pro plasma concentration (Bellerba et al. 
2022). In several pulmonary fibrosis rat models, metformin 
use is associated with a decrease in OH-Pro concentrations 
in lung tissue, being attributed to AMPK activation (Wu 
et al. 2022).

The hypoxia-inducible factor α (HIFα) is hydroxylated 
on Pro residues by P4H, which allows its ubiquination 

Table 1   Concentrations (µM) of metformin (Metf), creatinine (Crea), proline (Pro) and hydroxyproline (OH-Pro) in plasma, effluent, and urine 
measured in the metformin-intoxicated patient at admission and during the treatment, and calculated Pro/OH-Pro molar ratios (Ratio)

In urine, the Crea-corrected excretion rates (µM/mM) of Metf, Pro and OH-Pro are also given. n.a., not applicable

Time (h) 5.50 7.20 9.00 10.7 11.3 12.6 15.9 30.8 35.0 40.3 46.5 48.8 50.8 53.3 57.0 62.0 63.0 64.7 66.6

Plasma (µM)
 Metf 75.0 73.0 63.0 55.0 50.0 44.0 35.0 19.0 16.0 13.0 n.a 10.0 n.a 10.0 9.00 7.00 7.00 6.00 4.00
 Crea 388 385 350 297 307 267 202 183 167 145 n.a 135 n.a 190 219 250 226 234 230
 Pro 68.0 128 96.0 82.0 78.0 81.0 89.0 136 102 94.0 n.a 90.0 n.a 83.0 70.0 62.0 59.0 76.0 86.0
 OH-Pro 5.94 9.24 9.22 7.9 7.74 6.52 6.58 6.77 4.52 5.53 n.a 4.15 n.a 5.51 5.15 5.77 4.51 5.51 5.58
 Ratio 11.4 13.9 10.4 10.4 10.1 12.4 13.5 20.1 22.6 17 n.a 21.7 n.a 15.1 13.6 10.7 13.1 13.8 15.4

Effluent (µM)
 Metf 1.46 1.17 1.44 1.23 1.25 2.58 3.37 3.50 2.87 4.02 5.11 3.28 2.04 1.17 0.95 0.68 0.64 0.60 0.50
 Crea 2.50 1.88 2.23 2.11 2.19 4.84 6.14 4.88 4.49 6.29 6.39 5.43 3.33 2.56 2.61 3.17 3.6 3.85 4.04
 Pro 11.0 8.30 10.1 8.60 8.60 29.0 43.7 81.9 51.2 90.4 111.5 75.9 37.1 23.6 27.8 17.8 18.4 13.7 15.7
 OH-Pro 154.1 137.3 93.5 88.6 125.9 36.0 33.6 15.2 14.3 11.6 25.2 11.5 13.6 9.6 27.3 16.9 23.8 24.3 14.9
 Ratio 0.07 0.06 0.11 0.1 0.07 0.81 1.30 5.39 3.58 7.79 4.42 6.6 2.73 2.46 1.02 1.05 0.77 0.56 1.05

Time (h) 5.00 8.80 11.0 12.0 13.0 15.3 17.6 19.5 20.8 24.3 29.1 30.5 33.4 35.0 40.3 42.6 46.5 48.9 50

Urine (µM; µM/mM)
 Metf (µM) 28.6 80.9 69.6 60.7 54.9 45.2 37.1 32.5 29.7 23.3 20.6 18.2 16.2 15.6 12.1 11.9 10.0 9.6 18
 Crea (µM) 155 344 427 384 423 415 344 256 256 188 190 286 245 267 259 252 224 220 277
 Pro (µM) 36.7 103 70.2 61.4 70.4 80.6 80.9 98.7 108 113 106 106 103 87.6 68.7 88.0 82.0 73.4 110
 OH-Pro (µM) 2.08 8.32 6.04 6.23 6.46 5.56 5.34 3.84 5.13 3.97 4.21 4.00 3.29 3.38 3.04 3.31 2.91 3.16 3.91
 Ratio 17.6 12.4 11.6 9.90 10.9 14.5 15.1 25.7 21.1 28.5 25.2 26.5 31.3 25.9 22.6 26.6 28.2 23.2 28.1
 Metf 0.58 0.62 0.65 0.58 0.57 0.53 0.55 0.72 0.64 0.64 0.80 0.6 0.61 0.46 0.36 0.21 0.18 0.16 0.12
 Pro 4.40 4.40 4.50 4.10 3.90 6.00 7.10 16.8 11.4 14.4 17.4 14.0 11.1 9.20 10.7 5.60 5.10 3.60 3.90
 OH-Pro 61.6 73.0 41.9 42.0 57.5 7.40 5.50 3.10 3.20 1.80 3.90 2.10 4.10 3.80 10.5 5.30 6.60 6.30 3.70

Fig. 3   Calculated tubular reabsorption rates of metformin (triangles) 
and OH-Pro (circles) in the metformin-intoxicated patient through-
out the renal replacement therapy (RRT; start is indicated by vertical 
line). Encircled are the values for metformin and OH-Pro at the first 
hours of the RRT​
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and hydrolysis. Inhibition of P4H “stabilizes” the HIFα 
thus increasing the efflux of lactate produced by glycoly-
sis. Inhibition of P4H also enhances gluconeogenesis from 
lactate in the liver, thus reducing circulating lactate levels. 
In mouse models of MALA and in chronic kidney disease, 
P4H inhibitors were found to significantly improve the 
survival of mice (Oyaizu-Toramaru et al. 2017). In these 
models, metformin was found to increase lactate blood 
levels (Oyaizu-Toramaru et al. 2017). Structural analogs 
of α-keto-glutarate are P4H inhibitors and have been 
reported to improve the rate of survival in experimental 
MALA. Succinate, the reaction product of succinyl CoA 
ligase (SUCLG2), is an inhibitor of P4H. As metformin 
inhibits SUCLG2, metformin may ultimately activate P4H, 
thus increasing HIFα hydroxylation to OH-Pro (Hart et al. 
2019).

In our patient, we found highly elevated urinary concen-
trations of OH-Pro. The role of metformin in AKI is still 
incompletely understood. In mice, metformin aggravates 
AKI by inducing renal parenchymal cell death and fer-
roptosis (Cai et al. 2023). Metformin and its analogs can 
form biologically active complexes with redox-active ions 
including copper and iron (Lu et al. 2004; Abdelrahman 
et al. 2021). Metformin is also known to bind to various 
enzymes including cytochrome P450 and cyclooxygenase 
and to exert biological activity such as suppression of 
cancer (Guo et al. 2017; Shi et al. 2021). Although the 
high metformin concentrations measured in our patient 
may have led to depletion of iron ions by their compl-
exation, the high OH-Pro concentrations argue against 
such a mechanism. Our results suggest activation of 
prolyl-hydroxylase by metformin (Hart et al. 2019). As 
metformin is eliminated via renal secretion (Graham et al. 
2011), it cannot be excluded that metformin affected with 
OH-Pro excretion via OCT-1, OCT-2 and MATE in renal 
tubule cells.

The observations of the present study remain to be con-
firmed by analyzing plasma, urine and dialysate samples in 
additional cases of MALA. P4H and HIF may have a ther-
apeutic potential in acute and chronic kidney injury (Shu 
et al. 2019). Prolyl-hydroxylase inhibitors are currently 
being investigated as potential alternative treatments for 
anemia in patients with chronic kidney disease (Locatelli 
and Vecchio 2020). Prolyl-hydroxylase inhibitors were 
proposed as potentially useful drugs for the treatment of 
lactic acidosis and MALA (Suhara et al. 2015; Oyaizu-
Toramaru et al. 2017). Whether P4H inhibitors are actually 
useful in this context remains to be demonstrated.

Metformin can cause mitochondrial dysfunction and 
lactate overproduction in human platelets in vitro. Ex vivo, 
platelets taken from metformin-intoxicated patients have 
significantly lower complex I and complex IV activity 
compared to non-intoxicated healthy humans (Protti et al. 
2012b). At therapeutical concentrations, metformin can 
increase sirtuin 1 (SIRT1) activity by direct binding to 
its NAD+ domain (Cuyàs et al. 2018). Such a mechanism 
could also apply to the inhibitory action of metformin on 
the mitochondrial complex I. Yet, at supra-pharmacologi-
cal concentrations, metformin was found to inhibit SIRT1 
activity (Cuyàs et al. 2018).

Alternative explanations of our results could be inhibi-
tion of renal proline oxidase (POX) or proline dehydro-
genase (PRODH) activity by high lactate concentrations 
(Kowaloff et al. 1977; Summitt et al 2015; Tallarita et al. 
2012; Wu  2020) and metformin-associated transporters 
(e.g., OCT-1, OCT-2, MATE) in renal tubule cells (Gra-
ham et al. 2011).

Fig. 4   A Serum concentration of OH-Pro (µM) in the two groups of 
the BMD patients. B Creatinine (Crea)-corrected excretion rate of 
OH-Pro (µM OH-Pro/mM Crea) in the two groups of BMD patients. 
At Visit I, BMD patients did not receive metformin or L-citrulline. 
At Visit II, BMD patients received only metformin in the Metformin 
group (M), or only L-citrulline in the Citrulline group C. At Visit III, 
BMD patients received a combination of metformin and L-citrulline 
in both groups. Concentrations are given as median with interquartile 
range. Wilcoxon matched-pairs signed rank test within the groups and 
Mann Whitney test between the groups were performed. Note that 
there were no statistical differences between the groups with respect 
to the serum concentration of OH-Pro (A). See Scheme S1
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Limitations

Because we only report the case of a single patient, our 
results should purely be regarded as hypothesis-generating. 
However, we did provide data with a high time resolution. 
As an indicator of the robustness of the observations, similar 
results were found among the BMD patients with normal 
renal function who were randomized to receive metformin.

We did neither simultaneously obtain arterial and (renal) 
venous blood samples, nor did we obtain inflow and out-
flow samples during dialysis. Therefore, calculating plasma 
clearance by the kidney or dialysis using the AV method 
was not possible. Metabolism of amino acids by the kidney 
should be considered when determining the renal clearance 
of such compounds, which is not possible within the scope 
of the current study. Hence, we report here only the urinary 
excretion of Pro and OH-Pro. It would be of great interest to 
determine the metabolism and excretion of different amino 
acids in individuals with normal renal function and in case 
of acute kidney injury. Moreover, creatinine, even under 
normal circumstances, is secreted by the proximal tubules. 

In the case of chronic kidney disease, the fraction of creati-
nine that is secreted compared to the fraction of creatinine 
that is filtrated by the glomerulus becomes actually even 
larger (Serdar et al. 2001; Garimella et al. 2021). Therefore, 
a fractional excretion calculation using creatinine excretion 
as a reference level might be not accurate due to the effects 
of acute kidney injury on the tubular secretion of creatinine 
as well. Despite that there are studies comparing the gold 
standard of measuring glomerular filtration with creatinine 
clearance, but, as far as we know, no such data have been 
reported on patients with acute kidney injury.

Conclusions

GC–MS is a reliable analytical approach to measure simulta-
neously Pro and OH-Pro in human plasma, serum and urine 
samples as methyl ester-pentafluoropropionyl derivatives. 
Our case report suggests that metformin-induced lactic aci-
dosis is associated with elevated concentrations of OH-Pro 
in urine indicating induction of renal prolyl-hydroxylase 

Fig. 5   Schematic of two potential biochemical pathways of hydroxy-
proline (trans-4-hydroxy-proline [(2S,4R)-4-hydroxyproline]) for-
mation and effects of metformin (1,1-dimethylbiguanide). P4H, 

prolyl-4-hydroxylase; POX, proline oxidase; PRODH, or proline 
dehydrogenase. The symbols + and ? mean activation and unknown, 
respectively
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by high concentrations of metformin. Our clinical study 
on patients with BMD indicates that the administration 
of metformin increases the urinary excretion of OH-Pro. 
Metformin, at therapeutical doses, seems to induce specifi-
cally the expression/activity of prolyl-hydroxylase in BMD 
patients. Alternative routes could involve oxidation of free 
Pro to OH-Pro by POX or PRODH and renal OCT-1, OCT-2, 
and MATE transporters that mediate the transcellular move-
ment of metformin. The underlying mechanisms warrant 
elucidation. Further studies on metformin intoxication are 
required to confirm the findings of the present study.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00726-​024-​03383-9.

Acknowledgements  We thank Bibiana Beckmann for excellent labora-
tory assistance. The authors are grateful to Prof. Fischer, Division of 
Paediatric Neurology, University of Basel Children’s Hospital, Basel, 
Switzerland, for allowing us to include the hydroxyproline-related 
results of the BMD study in this work.

Authors’ contribution  SB and AB: methodology, analysis, validation, 
writing. RP: data collection, methodology, analysis, writing. WD: data 
collection, resources. SJLB: analysis, writing. MWN: methodology, 
analysis, writing. DJT: methodology, validation, writing, resources. 
DT: methodology, validation, writing, resources, supervision.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  Not availabe.

Declarations 

Conflict interest  The authors declare no conflict of interest.

Ethical approval  Written informed consent was obtained from the 
patient admitted with MALA to the ICU to collect residual material 
and publication of this case report according to the CARE guidelines. 
Ethical approval was given by the institutional review board (METc 
2014–552). Ethics and health authority approvals were obtained from 
the local Ethics Committee (Pilotstudie zur Untersuchung der Wirk-
samkeit von l-Citrullin und Metformin bei Erwachsenen mit Muskel-
dystrophie Becker; reference No. EKBB EK17/13) and the National 
Swiss Drug Agency (Swissmedic: Pilotstudie bei Muskeldystrophie 
Becker, reference No. 2013DR2067, release date 30 May 2013).

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdelrahman S, Alghrably M, Campagna M, Hauser CAE, Jaremko 
M, Lachowicz JI (2021) Metal complex formation and anti-
cancer activity of Cu(I) and Cu(II) complexes with metformin. 
Molecules 26(16):4730. https://​doi.​org/​10.​3390/​molec​ules2​
61647​30

Andreis DT, Mallat J, Tettamanti M, Chiarla C, Giovannini I, Gatti 
S, Protti A (2021) Increased ratio of P[v-a]CO2 to C[a-v]O2 
without global hypoxia: the case of metformin-induced lactic 
acidosis. Respir Physiol Neurobiol 285:103586. https://​doi.​org/​
10.​1016/j.​resp.​2020.​103586

Apostolova N, Iannantuoni F, Gruevska A, Muntane J, Rocha M, 
Victor VM (2020) Mechanisms of action of metformin in type 
2 diabetes: effects on mitochondria and leukocyte-endothelium 
interactions. Redox Biol 34:101517. https://​doi.​org/​10.​1016/j.​
redox.​2020.​101517

Baskal S, Bollenbach A, Mels C, Kruger R, Tsikas D (2022a) Devel-
opment, validation of a GC-MS method for the simultaneous 
measurement of amino acids, their PTM metabolites and AGEs 
in human urine, and application to the bi-ethnic ASOS study 
with special emphasis to lysine. Amino Acids 54(4):615–641. 
https://​doi.​org/​10.​1007/​s00726-​021-​03031-6

Baskal S, Bollenbach A, Henzi B, Hafner P, Fischer D, Tsikas D 
(2022b) Stable-Isotope Dilution GC-MS measurement of met-
formin in human serum and urine after derivatization with 
pentafluoropropionic anhydride and its application in becker 
muscular dystrophy patients administered with metformin, 
L-citrulline, or their combination. Molecules 27(12):3850. 
https://​doi.​org/​10.​3390/​molec​ules2​71238​50

Bellerba F, Chatziioannou AC, Jasbi P, Robinot N, Keski-Rahkonen 
P, Trolat A, Vozar B, Hartman SJ, Scalbert A, Bonanni B, 
Johansson H, Sears DD, Gandini S (2022) Metabolomic profiles 
of metformin in breast cancer survivors: a pooled analysis of 
plasmas from two randomized placebo-controlled trials. J Transl 
Med 20(1):629. https://​doi.​org/​10.​1186/​s12967-​022-​03809-6

Bennis Y, Bodeau S, Batteux B, Gras-Champel V, Masmoudi K, 
Maizel J, De Broe ME, Lalau JD, Lemaire-Hurtel AS (2020) A 
study of associations between plasma metformin concentration, 
lactic acidosis, and mortality in an emergency hospitalization 
context. Crit Care Med 48(12):e1194–e1202. https://​doi.​org/​10.​
1097/​CCM.​00000​00000​004589

Cai Z, Wu X, Song Z, Sun S, Su Y, Wang T, Cheng X, Yu Y, Yu C, 
Chen E, Chen W, Yu Y, Linkermann A, Min J, Wang F (2023) 
Metformin potentiates nephrotoxicity by promoting NETosis in 
response to renal ferroptosis. Cell Discov 9(1):104. https://​doi.​
org/​10.​1038/​s41421-​023-​00595-3

Calello DP, Liu KD, Wiegand TJ, Roberts DM, Lavergne V, Gosselin 
S, Hoffman RS, Nolin TD, Ghannoum M (2015) Extracorporeal 
treatment for metformin poisoning: systematic review and rec-
ommendations from the extracorporeal treatments in poisoning 
workgroup. Crit Care Med 43(8):1716–1730. https://​doi.​org/​10.​
1097/​CCM.​00000​00000​001002

Cuyàs E, Verdura S, Llorach-Parés L, Fernández-Arroyo S, Joven 
J, Martin-Castillo B, Bosch-Barrera J, Brunet J, Nonell-Canals 
A, Sanchez-Martinez M, Menendez JA (2018) Metformin Is 
a direct SIRT1-activating compound: computational modeling 
and experimental validation. Front Endocrinol (lausanne) 9:657. 
https://​doi.​org/​10.​3389/​fendo.​2018.​00657

Davies MJ, Aroda VR, Collins BS, Gabbay RA, Green J, Maruthur 
NM, Rosas SE, Del Prato S, Mathieu C, Mingrone G, Ross-
ing P, Tankova T, Tsapas A, Buse JB (2022) Management of 
hyperglycemia in type 2 diabetes, 2022. a consensus report by 
the American diabetes association (ADA) and the European 

https://doi.org/10.1007/s00726-024-03383-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26164730
https://doi.org/10.3390/molecules26164730
https://doi.org/10.1016/j.resp.2020.103586
https://doi.org/10.1016/j.resp.2020.103586
https://doi.org/10.1016/j.redox.2020.101517
https://doi.org/10.1016/j.redox.2020.101517
https://doi.org/10.1007/s00726-021-03031-6
https://doi.org/10.3390/molecules27123850
https://doi.org/10.1186/s12967-022-03809-6
https://doi.org/10.1097/CCM.0000000000004589
https://doi.org/10.1097/CCM.0000000000004589
https://doi.org/10.1038/s41421-023-00595-3
https://doi.org/10.1038/s41421-023-00595-3
https://doi.org/10.1097/CCM.0000000000001002
https://doi.org/10.1097/CCM.0000000000001002
https://doi.org/10.3389/fendo.2018.00657


	 S. Baskal et al.   21   Page 14 of 15

association for the study of diabetes (EASD). Diabetes Care 
45(11):2753–2786. https://​doi.​org/​10.​2337/​dci22-​0034

Druml W, Bürger U, Kleinberger G, Lenz K, Laggner A (1986) 
Elimination of amino acids in acute renal failure. Nephron 
42(1):62–67. https://​doi.​org/​10.​1159/​00018​3635

Gaowa A, Motohashi H, Katsura T, Inui K (2011) Effects of met-
abolic acidosis on expression levels of renal drug transport-
ers. Pharm Res 28(5):1023–1030. https://​doi.​org/​10.​1007/​
s11095-​010-​0348-7

Garimella PS, Tighiouart H, Sarnak MJ, Levey AS, Ix JH (2021) Tubu-
lar secretion of creatinine and risk of kidney failure: the modifi-
cation of diet in renal disease (MDRD) study. Am J Kidney Dis 
77(6):992–994. https://​doi.​org/​10.​1053/j.​ajkd.​2020.​09.​017

Gorres KL, Raines RT (2010) Prolyl 4-hydroxylase. Crit Rev Bio-
chem Mol Biol 45(2):106–124. https://​doi.​org/​10.​3109/​10409​
23100​36279​91

Graham GG, Punt J, Arora M, Day RO, Doogue MP, Duong JK, Fur-
long TJ, Greenfield JR, Greenup LC, Kirkpatrick CM, Ray JE, 
Timmins P, Williams KM (2011) Clinical pharmacokinetics of 
metformin. Clin Pharmacokinet 50(2):81–98. https://​doi.​org/​10.​
2165/​11534​750-​00000​0000-​00000

Guo Z, Sevrioukova IF, Denisov IG et  al (2017) Heme binding 
biguanides target cytochrome p450-dependent cancer cell mito-
chondria. Cell Chem Biol 24(10):1259-1275.e6. https://​doi.​org/​
10.​1016/j.​chemb​iol.​2017.​08.​009

Hafner P, Bonati U, Erne B, Schmid M, Rubino D, Pohlman U, Peters 
T, Rutz E, Frank S, Neuhaus C, Deuster S, Gloor M, Bieri O, Fis-
chmann A, Sinnreich M, Gueven N, Fischer D (2016) Improved 
muscle function in Duchenne muscular dystrophy through 
L-arginine and metformin: an investigator-initiated, open-label, 
single-center, proof-of-concept-study. PLoS One 11(1):e0147634. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01476​34

Hanff E, Hafner P, Bollenbach A, Bonati U, Kayacelebi AA, Fischer 
D, Tsikas D (2018) Effects of single and combined metformin 
and L-citrulline supplementation on L-arginine-related pathways 
in Becker muscular dystrophy patients: possible biochemical and 
clinical implications. Amino Acids 50(10):1391–1406. https://​doi.​
org/​10.​1007/​s00726-​018-​2614-7

Hanff E, Ruben S, Kreuzer M, Bollenbach A, Kayacelebi AA, Das AM, 
von Versen-Höynck F, von Kaisenberg C, Haffner D, Ückert S, 
Tsikas D (2019) Development and validation of GC-MS methods 
for the comprehensive analysis of amino acids in plasma and urine 
and applications to the HELLP syndrome and pediatric kidney 
transplantation: evidence of altered methylation, transamidina-
tion, and arginase activity. Amino Acids. https://​doi.​org/​10.​1007/​
s00726-​018-​02688-w

Hart PC, Kenny HA, Grassl N, Watters KM, Litchfield LM, Coscia F, 
Blaženović I, Ploetzky L, Fiehn O, Mann M, Lengyel E, Romero 
IL (2019) Mesothelial Cell HIF1α expression is metabolically 
downregulated by metformin to prevent oncogenic tumor-stro-
mal crosstalk. Cell Rep 29(12):4086-4098.e6. https://​doi.​org/​10.​
1016/j.​celrep.​2019.​11.​079

Inzucchi SE, Lipska KJ, Mayo H, Bailey CJ, McGuire DK (2014) 
Metformin in patients with type 2 diabetes and kidney disease: 
a systematic review. JAMA 312(24):2668–2675. https://​doi.​org/​
10.​1001/​jama.​2014.​15298

Ivanyuk A, Livio F, Biollaz J, Buclin T (2017) Renal drug transporters 
and drug interactions. Clin Pharmacokinet 56(8):825–892. https://​
doi.​org/​10.​1007/​s40262-​017-​0506-8

Kajbaf F, De Broe ME, Lalau JD (2016) Therapeutic concentrations of 
metformin: a systematic review. Clin Pharmacokinet 55(4):439–
459. https://​doi.​org/​10.​1007/​s40262-​015-​0323-x

Kowaloff EM, Phang JM, Granger AS, Downing SJ (1977) Regulation 
of proline oxidase activity by lactate. Proc Natl Acad Sci USA 
74(12):5368–5371. https://​doi.​org/​10.​1073/​pnas.​74.​12.​5368

Lalau JD, Kajbaf F, Protti A, Christensen MM, De Broe ME, 
Wiernsperger N (2017) Metformin-associated lactic acidosis 
(MALA): Moving towards a new paradigm. Diabetes Obes Metab 
19(11):1502–1512. https://​doi.​org/​10.​1111/​dom.​12974

Locatelli F, Del Vecchio L (2020) Are prolyl-hydroxylase inhibi-
tors potential alternative treatments for anaemia in patients with 
chronic kidney disease? Nephrol Dial Transplant 35(6):926–932. 
https://​doi.​org/​10.​1093/​ndt/​gfz031

Lowry M, Hall DE, Brosnan JT (1985) Hydroxyproline metabolism 
by the rat kidney: distribution of renal enzymes of hydroxypro-
line catabolism and renal conversion of hydroxyproline to glycine 
and serine. Metabolism 34(10):955–961. https://​doi.​org/​10.​1016/​
0026-​0495(85)​90145-3

Lu LP, Yang P, Qin SD, Zhu ML (2004) Bis[1,1-dimethylbiguanide(1-
)-kappa2N2, N5]copper(II) monohydrate. Acta Crystallogr C 
60(Pt 5):m219–m220. https://​doi.​org/​10.​1107/​S0108​27010​40067​
29

Moret C, Dave MH, Schulz N, Jiang JX, Verrey F, Wagner CA (2007) 
Regulation of renal amino acid transporters during metabolic aci-
dosis. Am J Physiol Renal Physiol 292(2):F555–F566. https://​doi.​
org/​10.​1152/​ajpre​nal.​00113.​2006

Neal A, Rountree AM, Philips CW, Kavanagh TJ, Williams DP, 
Newham P, Khalil G, Cook DL, Sweet IR (2015) Quantification 
of low-level drug effects using real-time, in vitro measurement of 
oxygen consumption rate. Toxicol Sci 148(2):594–602. https://​
doi.​org/​10.​1093/​toxsci/​kfv208

Oyaizu-Toramaru T, Suhara T, Hayakawa N, Nakamura T, Kubo A, 
Minamishima S, Yamaguchi K, Hishiki T, Morisaki H, Suematsu 
M, Minamishima YA (2017) Targeting oxygen-sensing prolyl 
hydroxylase for metformin-associated lactic acidosis treatment. 
Mol Cell Biol 37(16):e00248-e317. https://​doi.​org/​10.​1128/​MCB.​
00248-​17

Posma RA, Wessels AMA, Dieperink W, Roggeveld J, Leuvenink 
HGD, van der Horst ICC, den Dunnen WFA, Nijsten MW, Touw 
DJ (2020) Renal trapping in accidental metformin intoxication. 
Kidney Int Rep 5(9):1525–1528. https://​doi.​org/​10.​1016/j.​ekir.​
2020.​06.​009

Preiss D, Rankin N, Welsh P, Holman RR, Kangas AJ, Soininen P, 
Würtz P, Ala-Korpela M, Sattar N (2016) Effect of metformin 
therapy on circulating amino acids in a randomized trial: the 
CAMERA study. Diabet Med 33(11):1569–1574. https://​doi.​org/​
10.​1111/​dme.​13097

Protti A, Russo R, Tagliabue P, Vecchio S, Singer M, Rudiger A, Foti 
G, Rossi A, Mistraletti G, Gattinoni L (2010) Oxygen consump-
tion is depressed in patients with lactic acidosis due to biguanide 
intoxication. Crit Care 14(1):R22. https://​doi.​org/​10.​1186/​cc8885

Protti A, Fortunato F, Monti M, Vecchio S, Gatti S, Comi GP, De 
Giuseppe R, Gattinoni L (2012a) Metformin overdose, but not 
lactic acidosis per se, inhibits oxygen consumption in pigs. Crit 
Care 16(3):R75. https://​doi.​org/​10.​1186/​cc113​32

Protti A, Lecchi A, Fortunato F, Artoni A, Greppi N, Vecchio S, Fagio-
lari G, Moggio M, Comi GP, Mistraletti G, Lanticina B, Faraldi 
L, Gattinoni L (2012b) Metformin overdose causes platelet mito-
chondrial dysfunction in humans. Crit Care 16(5):R180. https://​
doi.​org/​10.​1186/​cc116​63

Riley DS, Barber MS, Kienle GS, Aronson JK, von Schoen-Angerer 
T, Tugwell P, Kiene H, Helfand M, Altman DG, Sox H, Werth-
mann PG, Moher D, Rison RA, Shamseer L, Koch CA, Sun GH, 
Hanaway P, Sudak NL, Kaszkin-Bettag M, Carpenter JE, Gagnier 
JJ (2017) CARE 2013 explanations and elaborations: reporting 
guidelines for case reports. J Clin Epidemiol 89:218–235. https://​
doi.​org/​10.​1016/j.​jclin​epi.​2017.​04.​026

Rokkones T, Loken AC (1968) Congenital renal dysplasia, retinal dys-
plasia and mental retardation associated with hyperprolinuria and 
hyper-oh-prolinuria. Acta Paediatr Scand 57(3):225–229. https://​
doi.​org/​10.​1111/j.​1651-​2227.​1968.​tb046​82.x

https://doi.org/10.2337/dci22-0034
https://doi.org/10.1159/000183635
https://doi.org/10.1007/s11095-010-0348-7
https://doi.org/10.1007/s11095-010-0348-7
https://doi.org/10.1053/j.ajkd.2020.09.017
https://doi.org/10.3109/10409231003627991
https://doi.org/10.3109/10409231003627991
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.1016/j.chembiol.2017.08.009
https://doi.org/10.1016/j.chembiol.2017.08.009
https://doi.org/10.1371/journal.pone.0147634
https://doi.org/10.1007/s00726-018-2614-7
https://doi.org/10.1007/s00726-018-2614-7
https://doi.org/10.1007/s00726-018-02688-w
https://doi.org/10.1007/s00726-018-02688-w
https://doi.org/10.1016/j.celrep.2019.11.079
https://doi.org/10.1016/j.celrep.2019.11.079
https://doi.org/10.1001/jama.2014.15298
https://doi.org/10.1001/jama.2014.15298
https://doi.org/10.1007/s40262-017-0506-8
https://doi.org/10.1007/s40262-017-0506-8
https://doi.org/10.1007/s40262-015-0323-x
https://doi.org/10.1073/pnas.74.12.5368
https://doi.org/10.1111/dom.12974
https://doi.org/10.1093/ndt/gfz031
https://doi.org/10.1016/0026-0495(85)90145-3
https://doi.org/10.1016/0026-0495(85)90145-3
https://doi.org/10.1107/S0108270104006729
https://doi.org/10.1107/S0108270104006729
https://doi.org/10.1152/ajprenal.00113.2006
https://doi.org/10.1152/ajprenal.00113.2006
https://doi.org/10.1093/toxsci/kfv208
https://doi.org/10.1093/toxsci/kfv208
https://doi.org/10.1128/MCB.00248-17
https://doi.org/10.1128/MCB.00248-17
https://doi.org/10.1016/j.ekir.2020.06.009
https://doi.org/10.1016/j.ekir.2020.06.009
https://doi.org/10.1111/dme.13097
https://doi.org/10.1111/dme.13097
https://doi.org/10.1186/cc8885
https://doi.org/10.1186/cc11332
https://doi.org/10.1186/cc11663
https://doi.org/10.1186/cc11663
https://doi.org/10.1016/j.jclinepi.2017.04.026
https://doi.org/10.1016/j.jclinepi.2017.04.026
https://doi.org/10.1111/j.1651-2227.1968.tb04682.x
https://doi.org/10.1111/j.1651-2227.1968.tb04682.x


GC–MS analysis of 4‑hydroxyproline: elevated proline hydroxylation in metformin‑associated… Page 15 of 15     21 

Rotroff DM, Yee SW, Zhou K, Marvel SW, Shah HS, Jack JR, Havener 
TM, Hedderson MM, Kubo M, Herman MA, Gao H, Mychal-
eckyi JC, McLeod HL, Doria A, Giacomini KM, Pearson ER, 
Wagner MJ, Buse JB, Motsinger-Reif AA, MetGen Investigators; 
ACCORD, ACCORDion Investigators (2018) Genetic Variants 
in CPA6 and PRPF31 are associated with variation in response 
to metformin in individuals with type 2 diabetes. Diabetes 
67(7):1428–1440. https://​doi.​org/​10.​2337/​db17-​1164

Serdar MA, Kurt I, Ozcelik F, Urhan M, Ilgan S, Yenicesu M, Kenar L, 
Kutluay T (2001) A practical approach to glomerular filtration rate 
measurements: creatinine clearance estimation using cimetidine. 
Ann Clin Lab Sci 31(3):265–273

Shi B, Hu X, He H, Fang W (2021) Metformin suppresses breast cancer 
growth via inhibition of cyclooxygenase-2. Oncol Lett 22(2):615. 
https://​doi.​org/​10.​3892/​ol.​2021.​12876

Shu S, Wang Y, Zheng M, Liu Z, Cai J, Tang C, Dong Z (2019) 
Hypoxia and hypoxia-inducible factors in kidney injury and repair. 
Cells 8(3):207. https://​doi.​org/​10.​3390/​cells​80302​07

Somogyi A, Stockley C, Keal J, Rolan P, Bochner F (1987) Reduction 
of metformin renal tubular secretion by cimetidine in man. Br J 
Clin Pharmacol 23(5):545–551. https://​doi.​org/​10.​1111/j.​1365-​
2125.​1987.​tb030​90.x

Stegen S, Carmeliet G (2019) Hypoxia, hypoxia-inducible transcription 
factors and oxygen-sensing prolyl hydroxylases in bone develop-
ment and homeostasis. Curr Opin Nephrol Hypertens 28(4):328–
335. https://​doi.​org/​10.​1097/​MNH.​00000​00000​000508

Suhara T, Hishiki T, Kasahara M, Hayakawa N, Oyaizu T, Nakanishi 
T, Kubo A, Morisaki H, Kaelin WG Jr, Suematsu M, Minam-
ishima YA (2015) Inhibition of the oxygen sensor PHD2 in the 
liver improves survival in lactic acidosis by activating the Cori 
cycle. Proc Natl Acad Sci USA 112(37):11642–11647. https://​
doi.​org/​10.​1073/​pnas.​15158​72112

Summitt CB, Johnson LC, Jönsson TJ, Parsonage D, Holmes RP, 
Lowther WT (2015) Proline dehydrogenase 2 (PRODH2) is a 
hydroxyproline dehydrogenase (HYPDH) and molecular target 
for treating primary hyperoxaluria. Biochem J 466(2):273–281. 
https://​doi.​org/​10.​1042/​BJ201​41159

Swarna M, Jyothy A, Usha Rani P, Reddy PP (2003) Hyper prolinuria 
and hyper-hydroxy prolinuria in children with mental retardation. 
Indian J Clin Biochem 18(2):102–105. https://​doi.​org/​10.​1007/​
BF028​67374

Sweet DH, Pritchard JB (1999) rOCT2 is a basolateral potential-driven 
carrier, not an organic cation/proton exchanger. Am J Physiol 
277(6):F890–F898. https://​doi.​org/​10.​1152/​ajpre​nal.​1999.​277.6.​
F890

Takiyama Y, Harumi T, Watanabe J, Fujita Y, Honjo J, Shimizu N, 
Makino Y, Haneda M (2011) Tubular injury in a rat model of type 
2 diabetes is prevented by metformin: a possible role of HIF-1α 

expression and oxygen metabolism. Diabetes 60(3):981–992. 
https://​doi.​org/​10.​2337/​db10-​0655

Tallarita E, Pollegioni L, Servi S, Molla G (2012) Expression in 
Escherichia coli of the catalytic domain of human proline oxi-
dase. Protein Expr Purif 82(2):345–351. https://​doi.​org/​10.​1016/j.​
pep.​2012.​01.​021

Tizianello A, De Ferrari G, Garibotto G, Gurreri G, Robaudo C (1980) 
Renal metabolism of amino acids and ammonia in subjects with 
normal renal function and in patients with chronic renal insuf-
ficiency. J Clin Invest 65(5):1162–1173. https://​doi.​org/​10.​1172/​
JCI10​9771

Tsikas D (2009) A proposal for comparing methods of quantitative 
analysis of endogenous compounds in biological systems by using 
the relative lower limit of quantification (rLLOQ). J Chromatogr 
B Analyt Technol Biomed Life Sci 877(23):2244–2251. https://​
doi.​org/​10.​1016/j.​jchro​mb.​2009.​02.​029

Tsikas D (2021) Post-translational modifications (PTM): analyti-
cal approaches, signaling, physiology and pathophysiology-
part I. Amino Acids 53(4):485–487. https://​doi.​org/​10.​1007/​
s00726-​021-​02984-y

Tsikas D (2022) Editorial. Amino Acids 54(4):481–484. https://​doi.​
org/​10.​1007/​s00726-​022-​03164-2

Urakami Y, Okuda M, Masuda S, Saito H, Inui KI (1998) Functional 
characteristics and membrane localization of rat multispecific 
organic cation transporters, OCT1 and OCT2, mediating tubular 
secretion of cationic drugs. J Pharmacol Exp Ther 287(2):800–805

Wilcock C, Bailey CJ (1994) Accumulation of metformin by tissues of 
the normal and diabetic mouse. Xenobiotica 24(1):49–57. https://​
doi.​org/​10.​3109/​00498​25940​90432​20

Wu G (2020) Important roles of dietary taurine, creatine, carno-
sine, anserine and 4-hydroxyproline in human nutrition and 
health. Amino Acids 52(3):329–360. https://​doi.​org/​10.​1007/​
s00726-​020-​02823-6

Wu Z, Hou Y, Dai Z, Hu CA, Wu G (2019) Metabolism, nutrition, 
and redox signaling of hydroxyproline. Antioxid Redox Signal 
30(4):674–682. https://​doi.​org/​10.​1089/​ars.​2017.​7338

Wu X, Xiao X, Chen X, Yang M, Hu Z, Shuai S, Fu Q, Yang H, Du 
Q (2022) Effectiveness and mechanism of metformin in animal 
models of pulmonary fibrosis: a preclinical systematic review 
and meta-analysis. Front Pharmacol 13:948101. https://​doi.​org/​
10.​3389/​fphar.​2022.​948101

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2337/db17-1164
https://doi.org/10.3892/ol.2021.12876
https://doi.org/10.3390/cells8030207
https://doi.org/10.1111/j.1365-2125.1987.tb03090.x
https://doi.org/10.1111/j.1365-2125.1987.tb03090.x
https://doi.org/10.1097/MNH.0000000000000508
https://doi.org/10.1073/pnas.1515872112
https://doi.org/10.1073/pnas.1515872112
https://doi.org/10.1042/BJ20141159
https://doi.org/10.1007/BF02867374
https://doi.org/10.1007/BF02867374
https://doi.org/10.1152/ajprenal.1999.277.6.F890
https://doi.org/10.1152/ajprenal.1999.277.6.F890
https://doi.org/10.2337/db10-0655
https://doi.org/10.1016/j.pep.2012.01.021
https://doi.org/10.1016/j.pep.2012.01.021
https://doi.org/10.1172/JCI109771
https://doi.org/10.1172/JCI109771
https://doi.org/10.1016/j.jchromb.2009.02.029
https://doi.org/10.1016/j.jchromb.2009.02.029
https://doi.org/10.1007/s00726-021-02984-y
https://doi.org/10.1007/s00726-021-02984-y
https://doi.org/10.1007/s00726-022-03164-2
https://doi.org/10.1007/s00726-022-03164-2
https://doi.org/10.3109/00498259409043220
https://doi.org/10.3109/00498259409043220
https://doi.org/10.1007/s00726-020-02823-6
https://doi.org/10.1007/s00726-020-02823-6
https://doi.org/10.1089/ars.2017.7338
https://doi.org/10.3389/fphar.2022.948101
https://doi.org/10.3389/fphar.2022.948101

	GC–MS analysis of 4-hydroxyproline: elevated proline hydroxylation in metformin-associated lactic acidosis and metformin-treated Becker muscular dystrophy patients
	Abstract
	Introduction
	Methods
	Case report—metformin intoxication
	Ethical approval
	GC–MS analysis of Pro and OH-Pro in plasma, urine, and dialysate samples
	GC–MS conditions
	Calculations
	Statistical analyses

	Results
	Analysis of Pro and OH-Pro by GC–MS—characterization of the derivatives
	Simultaneous quantitative analysis of biological Pro and OH-Pro by GC–MS
	Effects of renal replacement therapy—time course of metformin, Pro and OH-Pro
	Pro and OH-Pro in BMD patients and effects of metformin

	Discussion
	Effects of metformin at toxic and therapeutic doses on Pro hydroxylation
	Prolyl-4-hydroxylation and metformin

	Limitations
	Conclusions
	Acknowledgements 
	References


