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Abstract
Rationale: Chemotherapy (CTx) with FOLFOX is indicated prior to resection of liver metastases;
however, its effect is limited due to chemoresistance and its toxicity prevents from aggressive
surgery needed in some cases. Hepatoprotective glycine has been shown to have anti-tumorigenic
properties in various cancers. Thus, this study was designed to evaluate the effects of glycine
combined with FOLFOX on colorectal liver metastases (CRLM).
Methods: The effect of glycine combined with 5-fluorouracil and oxaliplatin was investigated in vitro
on colorectal cancer (CC531). Further, Wag/Rij rats with CRLM were treated with 5% dietary
glycine ± FOLFOX. µCT liver scan, anti-Ki67, and anti-CD31 were compared.
Results: Glycine alone and combined with CTx has no effect on both CC531 viability in vitro and
tumor proliferation in vivo; however, glycine significantly decreased tumor volume to about 42-35%
of controls in vivo (p<0.05) with a 60% decreased tumor microvascular density (MVD) (p=0.004).
Further glycine doesn’t counteract anti-tumor properties of CTx.
Conclusions: This study nicely demonstrates that glycine inhibits the growth of CRLM and does not
decrease CTx effectiveness. Underlying mechanisms most likely include a decreased tumor MVD.
Clinical trials are warranted to implement non-toxic hepatoprotective glycine in novel anti-cancer
strategies in humans.
Key words: Glycine, FOLFOX, colorectal liver metastasis

Introduction
Colorectal cancer (CRC) is the third most
common malignancy and the fourth leading cause of
cancer-related deaths worldwide (1–3). Surgery
remains the only curative treatment option for this
disease. However, metastases develop in every
second CRC patient and the liver is the most common
site (4) with resection being the only potential cure for
this disease. Unfortunately, liver metastases are
unresectable in up to 85 % of patients initially (4,5). In

such cases, chemotherapy (CTx) is applied for
resectability.
FOLFOX
(5-fluorouracil
(5-FU),
oxaliplatin (OX), leucovorin) is today’s standard CTx
for CRC and for its liver metastasis (CRLM). Also,
various monoclonal antibodies against vascular
endothelial growth factor (VEGF) or epidermal
growth factor receptor can be combined together with
the conventional CTx. Therefore, CTx is gaining
importance in CRLM treatment, but a significant
http://www.ijbs.com
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proportion of patients undergoing CTx still face
treatment failure for chemoresistance (6,7). Further
CTx-toxicity leads to suboptimal treatment, impaired
quality of life and increased medical costs (8). Thus,
the development of novel more effective non-toxic
CTx regiments is necessary to improve the survival of
CRC patients.
Non-toxic amino acid glycine (9–12) has
anti-tumorigenic effect i.e. in experimental melanoma
and hepatocellular carcinoma (13,14). Previous in vivo
studies have demonstrated that glycine protects from
FOLFOX- / FOLFIRI-induced liver injury (15). Thus,
glycine may be an attractive anti-cancer agent for the
treatment of CRLM; however, there is no in vivo data
available on anti-cancer effects on CRLM of glycine in
vivo. In contrast, there is limited data on the potential
pro-tumorigenic effects of glycine on fast proliferating
tumor cells (12,13). Further, it is unclear whether
glycine impairs the anti-tumorigenic potential of 5-FU
and OX both included in FOLFOX (17).
Thus, this study was designed to evaluate the
effects of glycine combined with FOLFOX on CRLM
both in vivo and in vitro.

Methods
Cell culture
Cell line and viability testing. A rat colorectal
cancer cell line (CC531) (Cell Lines Service,
Eppelheim, Germany) was cultivated at 37°C, 5% CO2
using RPMI-1640 medium supplemented with 10%
fetal bovine serum (GE Healthcare Life Sciences,
Utah, USA), 1% penicillin / streptomycin, 1%
L-glutamine and 25mM HEPES for the experiments.
For
viability
testing,
the
3-(4,5-dimethylthiazol-2-yl)5-diphenyltetrazolium
bromide (MTT) assay was used exactly as described
by the manufacturer. Briefly, ten microliters of MTT
(Sigma Aldrich, St. Louis, MO, USA) solution were
added to the cells and incubated for 2 h (CC531) at
37°C. The medium was then discarded, and the
precipitated formazan crystals were dissolved using
dimethyl sulfoxide (Sigma Aldrich, St. Louis, MO,
USA). Optical density was measured after 30 minutes
at 570 nm using a Spectroxtar microplate reader (BMG
labtech, Ortenberg, Germany). Cell viability was
calculated as a percentage of vehicle control. All
experiments were performed in duplicates and
repeated three times.
Impact of glycine on CC531 cells. To determine
the effects of glycine on cells, CC531 were cultivated
for 24h in 96-well plates under standard conditions in
glycine-free media. For conditioning of cells, media
was supplemented with various concentrations of
glycine (Control (0), 0.05, 0.1, 0.25, 0.5, 1, 2, 4 and 8
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mM) (Carl Roth, Karlsruhe, Germany) and incubated
for 48 hours. After incubation cell viability was
measured using the MTT test as described above.
Glycine interaction with 5-fluorouracil and
oxaliplatin. Glycine interaction with 5-FU and OX
was tested on CC531 cells by exposure of CC531 cells
to 5-FU and OX at the half maximal inhibitory
concentration (IC50) combined with glycine at
concentrations ranging from 0.1 to 5 mM. After 48-h
exposure cell viability was evaluated using MTT
assay as described above.
The IC50 of each agent was calculated from the
dose-response curves after CC531 cells were treated
with 5-FU and OX at concentrations ranging from 1 to
800 µM for 48-h. Cell viability was measured using the
same MTT assay.

Animal experiments
All animal experiments were performed in
accordance with the principles of laboratory animal
care and national laws. The study protocol was
approved by the Austrian ministry for science,
research, and economy. Seven weeks old male
WAG/Rij rats (weight 150 - 220 g) were purchased
from Charles River (Wilmington, MA, USA) and kept
under standard laboratory conditions in the animal
facility of the Medical University of Graz, Austria. A
12:12 h light: dark cycle was maintained. Prior to the
experiments, rats were allowed to acclimatize to the
new surroundings for 7 days. All animals had access
to water and chow ad libitum. During the study, rats
were inspected by animal caretakers on a daily basis
and weighed 5 days before tumor implantation and
on the days 0, 7, 10 and 14.
Experimental protocol. The study design is
displayed in figure 1. A total of thirty-six WAG/Rij
rats were divided into 2 groups. While 18 rats were
fed with a glycine enriched diet (modified C1000 diet
15% casein plus 5% glycine; Altromin Spezialfutter,
Lage, Germany), controls received an isonitrogenous
balanced casein diet for 5 days (control diet: 20%
casein; Altromin Spezialfutter, Lage, Germany) before
CRC liver metastasis was induced by injecting CC531
cells in 100µl of phosphate-buffered saline (PBS) into
the right liver lobe as described below. On day 7 after
tumor injection, the casein and glycine group were
split into 2 subgroups treated with either FOLFOX or
saline on the days 7 and 8. CTx comprised on day 7 of
two hundred mg/m2 calcium folinate (Sandoz,
Holzkirchen, Germany), 85 mg/m2 OX (Fresenius
Kabi, Bad Homburg, Germany) and 1000 mg/m2
5-FU (Sandoz, Holzkirchen, Germany) and was
injected intraperitoneally. The second dose was given
on day 8 comprising of 200 mg/m2 calcium folinate
and 1000 mg/m2 5-FU. The doses were calculated
http://www.ijbs.com
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according to the animal skin surface as described
elsewhere (15).
All study-related procedures were performed at
approximately the same daytime to avoid differences
caused by natural circadian rhythms.
Tumor implantation. For tumor implantation
anesthesia was induced by isoflurane (2%, 2 l/min)
and fentanyl (5 µg/kg) application. Animals were
placed in a supine position on an automatically
regulated heating pad; body temperature of 37°C was
maintained through the procedure. Under continuous
isoflurane (2%, 2 l/min) inhalation a right subcostal
incision was performed. The right liver lobe was
mobilized, and 100 µl (5x106 cells) of cell suspension
in PBS was injected under the liver capsule. The
laparotomy was closed by two layers of single-node
sutures (Vicryl 4-0, Ethicon, Somerville, NJ, USA). The
skin was adapted and glued with tissue glue
(Mayer-Haake,
Ober-Mörlen,
Germany).
The
procedure-related pain was managed with a single
subcutaneous injection of carprofen (4mg/kg) and by
addition of ibuprofen (0.4 mg/ml) to the drinking
water for 4-5 days.
Blood sample analysis. Venous blood samples
were collected at day 0, 7, 10 and 14 from the
subclavian vein under isoflurane anesthesia.
Complete blood count (CBC) was measured using a
V-Sight hematology analyzer (A. Menarini Pharma
GmbH, Vienna, Austria). Glycine concentration was
measured in samples taken on day 14 in a routine
hospital lab from blood samples collected on the last
day of the study.
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µCT examination. µCT examination (Siemens
Inveon MultiModality, Knoxville, TN, USA) was
performed under isoflurane (2%, 2 l/min) anesthesia
on day 7 and 14. The scanning parameters were set to
a voltage of 55 kV, a current of 500 μA, an exposure
time per projection image of 600 ms, full 360° rotation
with 360 projection steps, binning of 2x2 and a field of
view 64 mm × 64 mm (2-bed positions) according to
standard protocols. Variable magnification settings of
the scanner were set to a low level in order to reach an
effective pixel size of 52 μm. A commercially available
contrast agent for preclinical imaging (ExiTron nano
12000; Miltenyl Biotec, Auburn, CA, USA) was used
to contrast the liver and the tumor. A single injection
of 700 µl of contrast agent into the tail vein was
performed 24 hours prior to the first scan.
Image analysis of CT. Analysis of reconstructed
pictures was performed using the Mimics research
v.20 software (Materialise, Leuven, Belgium). A mask
with values ranging from -602 to -247 Hounsfield
Units (HU) was created for the region of interest
(ROI). Mask splitting function was used to mark the
liver and to get rid of non-liver tissue. A 3D model of
the liver was calculated, and the volume was
measured. Later a mask with values ranging from
-696 to -574 HU was created for a liver area with the
tumor. Mask splitting function was used to eliminate
nontumor tissue. A 3D model of the tumor was
calculated, and the volume was measured. Two
independent reviewers performed measurements of
the tumor volume.

Figure 1. Experimental in vivo setting. Animals were fed for 5 days before experiments. At day 0 tumor was implanted into the liver and volume, MVD, Ki67, CT
and blood work was done according to methods. Groups were split at day 7 and treated with or without FOLFOX. BW: body weight; FOLFOX: calcium folinate,
oxaliplatin, and 5-Fluorouracil; G: 5% glycine enriched diet; C: casein diet (controls).
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Immunohistochemistry. Tissue was taken at day
14 when all animals were sacrificed. For
immunohistochemistry 3µm
paraffin-embedded
sections including healthy liver and tumor areas were
prepared according to standard protocols. To evaluate
tumor proliferation index the proliferation marker
Ki67 (18) was used. Anti-Ki67 antibody (Thermo
Fisher Scientific, Waltham, MA, USA; dilution 1:200,
rabbit IgG Clone SP6) was used in combination with
the UltraVision LP Detection System HRP Polymer
(Thermo Fisher Scientific, Waltham, MA, USA) and
DAB chromogen (Dako, Via Real Carpinteria, CA,
USA). For positive control, rat intestinal tissue was
used. For negative control, primary antibodies were
omitted.
Microvascular density (MVD) in tumors was
evaluated by staining against the endothelial cell
marker CD31 (19). The anti-CD31 antibody (Abcam,
Cambridge, UK; dilution 1:2000) was used in
combination with the rabbit on rodent HRP-Polymer
Detection System (Biocare Medical, CA, USA) and
DAB chromogen (Dako, Via Real Carpinteria, CA,
USA) exactly as described by the manufacturer.
Hematoxyline was used for counterstaining for both
staining procedures. For positive control, rat heart
tissue was used. For negative control, primary
antibodies were omitted. After staining all slides were
scanned and images were viewed using the Aperio
ImageScope
ver.12.3.2.8013
software
(Leica
Biosystems Imaging, Wetzlar, Germany).
Quantification of Ki67 and CD31 staining was
performed in 5 (3 peripheral and 2 central) randomly
selected tumor areas from each slide. Snapshots at
100x magnification were taken and analyzed using
ImageJ software (U. S. National Institutes of Health,
Bethesda, Maryland, USA). For Ki67 analysis, IHC
and classic watershed plugins were used. The
proliferation index was counted as the stained
nucleus ratio to a total number of nuclei.
Quantification of CD31 staining was performed
using ImageJ software (U.S. National Institutes of
Health, Bethesda, Maryland, USA). Single endothelial
cells or cluster of cells positive for CD31 were
considered as a vessel. After analysis MVD was
compared between the different treatment groups.
Statistical analysis. Statistical analysis was
performed using SPSS v.20.0 (SPSS Inc., Chicago,
Illinois, USA). Data is presented as median and
quartiles (Q1, Q3) unless stated differently.
Differences between groups were analyzed using
non-parametric tests - Mann Whitney U test or
Kruskal-Wallis test. For related sample analysis, the
Wilcoxon-Signed rank test was used. All statistical
tests were 2-sided. P-values < 0.05 were considered
statistically significant.
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Results
In vitro data
While glycine had no effect on CC531 cell
viability in any concentration tested (Fig. 2a) both
5-FU (Fig. 2b) and OX (Fig. 2c) were cytotoxic to
CC531. Glycine combined with 5-FU (Fig. 2b) and OX
(Fig. 2c) did not have additional effects on cell
viability.

Figure 2. Cell viability in vitro. In vitro CC531 viability was assessed after
incubation with (a) various concentrations of glycine, (b) after incubation with
5-fluorouracil (5-FU) and (c) oxaliplatin (OX) at IC50 concentration combined
with various concentrations of glycine. MTT assay was performed as described
in methods. Results are presented as a mean±SD. * for significance with p<0.05.
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Animal experiments
General health conditions and body weight.
FOLFOX did not have any effect on water
consumption (data not shown) while food intake
dramatically decreased from 12 g (9; 13.5) to <1 g/rat
per 24 h (p<0.05). The effect was seen regardless of
diet type and remained for 48 h with normal food
consumption starting at day 9 (Table 1).
Table 1. Median body weight of the study groups at different time
points of the study.
Group
Caseine
Glycine
Caseine +
FOLFOX
Glycine +
FOLFOX

Day 0 [g]
220 (200; 228)
206 (197; 212)
204 (200; 218)

Day 7 [g]
237 (218; 246)
219 (213; 234)
227 (223; 235)

Day 10 [g]
247 (225; 251)
232 (220; 242)
195 (188; 198)

Day 14 [g]
252 (231; 257)
236 (225; 250)
173 (168; 178)

208 (183; 215)

220 (197; 234)

190 (165; 200)

169 (150; 182)

The body weight (BW) of all animals was
increasing from day 0 to day 7. With FOLFOX the BW
significantly decreased independently from diet to 83
(81; 84) % and 82 (81; 94) % in caseine+FOLFOX and
glycine+FOLFOX subgroups, respectively (Tab. 1).
Hemoglobin and blood cell count. Hemoglobin
(HGB) and red blood cell (RBC) levels remained stable
through the whole study period without significant
differences between the groups (data not shown).
FOLFOX induced a significant decrease in white
blood cells (WBC) which resulted in severe
leukopenia. WBC levels in animals who received one
cycle of FOLFOX decreased from 11.5 x 109/l (8.5;
12.9) prior to CTx to 0.5 x 109/l (0.37; 0.7) at the end of
the experiment (p=0.001) (Fig. 3). Diet did not have an
effect on WBC in FOLFOX treated rats at any time
point (Fig. 3).

Glycine concentration. A glycine enriched 5
days diet increased the median plasma glycine
concentration as compared with casein-fed rats by
8.7-fold (178 (152; 215) vs. 1549 (1332; 1819) µmol/l,
p=0.001) (Fig. 4). The presence of tumor did have no
effect on glycine levels (Fig. 4). FOLFOX dramatically
reduced the increase to only 1.4-fold after glycine
intake as compared with the corresponding casein
group (p=0.001).
Liver and tumor volume. µCT liver scan on day 7
did not reveal any differences in liver and tumor
volume between casein and glycine fed rats with 8913
(7468; 10771) mm3 vs 8045 (5965; 8573) mm3 and 67
(25; 151) mm3 vs 26 (15; 77) mm3. Further FOLFOX did
not have an effect on liver volume with 7456 (6613;
8573) mm3 compared with 8434 (7841; 9401) mm3 in
corresponding saline controls on day 14 and dietary
glycine did not change liver volume as compared
with corresponding casein controls (8403 (7504; 10013)
mm3 vs 7814 (6828; 8573) mm3).
Glycine±FOLFOX reduced tumor growth from
292 (193; 671) mm3 and 271 (140; 443) mm3 to 123 (193;
671) mm3 and 98 (19; 165) mm3, respectively (p<0.05)
(Fig. 5). Moreover, tumors after glycine combined
with FOLFOX were even smaller; however,
differences failed to be significant (Fig. 5).
Proliferation index. Glycine did not change
tumor proliferation with an index of 3.6 (0.68; 7.99)%
compared with 4.06 (1.97; 7)% in the corresponding
controls (Fig. 6). Further, FOLFOX did not decrease
proliferation significantly from 4.06 (1.97; 7)% to 2.3
(0.89; 3.44)% (Fig. 6). Glycine combined with FOLFOX
further decreased the tumor proliferation by 62% (0.89
(0.77; 1.8)%); however, differences failed to be
significant (Fig. 6).

Figure 3. White blood cell count. Median WBC level significantly decreased in groups who received FOLFOX irrespective of diet. * for significance with p<0.05.
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Figure 4. Glycine concentration (µmol/l) in plasma at the end of the
experiment. Plasma glycine concentration was significantly increased in all
groups treated with dietary glycine, but the level of the increase was significantly
diminished with FOLFOX.* for significance with p<0.05; CRLM – colorectal
cancer liver metastasis.

Figure 5. Tumor volume on the last day of the experiment in
different treatment groups. Tumor volume calculated as described in
methods. * for significance with p<0.05.

Tumor vascularization. Glycine alone and
combined with FOLFOX significantly decreased MVD
from 53 and 46 to 16 and 23 MVD per field,
respectively. CTx alone has no effect on MVD (Fig. 7).

Discussion
In this study, the anti-tumorigenic effect of
dietary glycine was investigated in a combined in vivo
model of CTx and CRLM for the first time. The results
clearly show that dietary glycine significantly reduces
the growth of CRLM. Rose et al. (14) reported, that
glycine inhibits the growth of larger tumors to a
greater extent than smaller tumors. The authors
hypothesized that glycine prevents tumor growth by
inhibiting tumor neo-vascularization. However, there
was no evidence supporting this hypothesis and the
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speculations were mainly based on previous
knowledge originating from a study, showing that
dietary glycine inhibits subcutaneous melanoma
tumor vascularization (13). Bruns et al. investigated
the effect of glycine on endothelial cell (HUVEC)
growth and angiogenesis and showed, that glycine
has no direct impact on proliferation and viability of
endothelial cells, but is capable of blunting VEGF
stimulated HUVEC growth, migration and
angiogenesis (9). Moreover, the authors demonstrated
that HUVEC cells express α1 and α2 subunits of the
glycine receptor. Involvement of this glycine receptor
to the inhibition process of angiogenesis was
confirmed when the effect of glycine was neutralized
after addition strychnine which has a greater affinity
to the glycine receptor as compared with glycine (22).
Indeed, the glycine effect shown here was
pronounced in a later tumor stage defined by the size
of the tumor at a stage when tumors need
vascularization for their further growth (Fig. 5). To
date there was only indirect evidence for
anti-angiogenic properties of glycine in vitro (9);
however, data of this study clearly demonstrates that
glycine reduces MVD in CRLM tumors (Fig. 7).
Angiogenesis is crucial for tumor growth since the
tumor exceeds a certain size where diffusion is a
sufficient way to supply oxygen, nutrition and to
eliminate metabolic waste (21,22). Moreover, tumor
vascularization is not only important for tumor
growth but also predicts the outcome of the disease. A
recent meta-analysis showed, that MVD measured by
anti-CD31 staining in CRC tumors is inversely related
to patients’ survival (23). Taken together the results of
this study showed, that glycine inhibits CRLM growth
by decreasing microvascularization of the tumor.
In contrast, there is a controversial discussion on
a possible direct pro-tumorigenic effect of glycine. A
metabolite profiling study identified a key role of
glycine in rapid cancer cell proliferation and
suggested glycine metabolism as a target for
therapeutic benefit (16). Further, a recent study
showed that restriction of dietary serine and glycine
can reduce CRC tumor growth in a mouse model (24).
However, Labuschagne et al. widely investigated the
role of serine and glycine in cancer cell metabolism
and proliferation at the cellular level and
demonstrated that restriction of exogenous glycine or
depletion of the glycine cleavage system did not
impede cancer cell proliferation (25). Indeed, this
study has not shown increased CC531 viability even
after cells were treated with high glycine doses of up
to 8 mM (Fig. 2). Moreover, here glycine did not have
negative effects on the anti-tumorigenic properties of
CTx in vitro. Further, glycine was nicely demonstrated
to not increase the proliferation of tumor cells in vivo
http://www.ijbs.com
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(Fig. 6). Ki67 to index proliferation is one of the most
important immunocytochemical markers for cell
proliferation (26) since its expression depends on the
cell cycle and it is expressed constitutively except for
cell is in resting (G0) phase (27). In this study, no
negative effect on blood cells could be found at any
time point (Fig. 3). While glycine had no impact on
Ki67, one cycle of FOLFOX decreased cell
proliferation; however, values did not reach
significance. This is strong evidence for glycine being
synergistic with FOLFOX working through different
pathways. Both 5-FU and OX are directly cytotoxic to
cells while glycine decreases tumor volume by the
reduction of its vascularization. Clinical trials have
already shown the benefit of anti-angiogenic agents
given
together
with
a
fluorouracilor
oxaliplatin-based chemotherapy (27–32). Indeed,
glycine data shown here dramatically increased the
anti-tumorigenic effect by reducing the tumor volume
especially if combined with on cycle of FOLFOX.
More cycles of FOLFOX were not possible due to its
side effects, i.e. severe leukopenia, significant weight
loss and poor general condition of the animals.
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The currently approved anti-angiogenic agents,
such as Bevacizumab, Zivaflibercept, Ramucirumab,
Regorafenib carry the great risk of various severe
adverse events such as hypertension, proteinuria,
arterial thrombosis, bleeding, neutropenia or various
skin reactions (33,34). In contrast, orally or
intravenously applied glycine was proven in large
clinical trials to have no relevant toxicity (9–12).
Moreover, a study performed by Mikalauskas et al.
demonstrated the hepatoprotective effect of non-toxic
glycine against FOLFOX- or FOLFIRI-induced liver
injury (15). The combination of glycine and currently
used anti-VEGF antibodies were never tested in vitro
or
in vivo.
Although,
these two-different
anti-angiogenic agents, work through different
mechanisms. The anti-VEGF antibodies directly bind
to VEFG extracellularly and prevent interaction with
VEGF receptors (35), while glycine blunts VEGF
stimulated endothelial cells growth, migration, and
angiogenesis via mechanisms involving glycine
receptor (9). Therefore, the risk of negative interaction
between these two agents seems low.

Figure 6. Tumor proliferation index. A; Representative pictures of tumors stained with anti-Ki67 antibody in (1) casein, (2) glycine, (3) FOLFOX+casein and (4)
FOLFOX+glycine. B; comparison of proliferation index between the groups. Both groups treated with FOLFOX showed a tendency (p<0.1) to have a lower tumor
proliferation index, however, the differences were not significant.
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Figure 7. Tumor microvascular density (MVD) in different treatment groups. A; representative pictures of tumors stained with anti-CD31 antibody in (1)
casein, (2) glycine, (3) FOLFOX+casein and (4) FOLFOX+glycine. B; comparison of MVD between groups. Glycine significantly reduced the MVD irrespective of
FOLFOX; * for significance with p<0.05.

While glycine values were significantly lower
with FOLFOX (Fig. 4) its effect on MVD was
comparable (Fig. 7). How can the FOLFOX effect on
glycine levels be explained? Firstly, the total dietary
uptake decreased significantly with FOLFOX.
Secondly, there could be insufficient drug uptake (36)
related to mal-absorption by the intestinal mucositis
after FOLFOX (37,38).

Conclusion
Data of this study clearly demonstrates that
glycine nicely decreases tumor volume. Underlying
mechanisms most likely include a significantly
decreased MVD in tumors. Glycine has additive
indirect anti-tumor effects if given together with
FOLFOX. While anti-angiogenic properties of glycine
are not toxic in contrast to the clinically established
drugs clinical trials are warranted to assess its value in
the human setting.
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