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Figure S1. Expanded model illustrating one-carbon metabolism (minus transsulfuration). The primary focus of this model is to illustrate
the folate cycle, methionine cycle, and phospholipid metabolism, according to their integration into one-carbon metabolism. Animals
create Met by methylating Hcy via the activity of BHMT and MS-B12 [1,2]. BHMT is also a zinc-dependent metalloenzyme, but it utilizes
betaine to methylate Hey [3]. Endogenously, betaine is derived from the irreversible oxidation of choline, and the majority of choline is
derived from the catabolism of phosphatidylcholine (PC). Flaxseed, as a rich source of polyunsaturated fatty acids (PUFAs), contributes
to the synthesis of phosphatidylethanolamine (PE). PEMT is the only enzyme known in biology to provide de novo choline synthesis, by
way of converting phosphatidylethanolamine (PE) to PC. PEMT synthesizes PC from PE by using three S-adenosylmethionine (SAM)
molecules to tri-methylate PE [4]. The rate of PEMT activity is dependent on the concentration of PEMT’s two primary substrates, PE
and SAM [5,6]. In the liver, BHMT facilitates 50% of Hcy methylation; the other 50% is facilitated by MS-B12 [7-10]. MS-B12 is a zinc-
dependent matalloenzyme that utilizes 5-CHsTHF as a methyl donor to remethylate Hcy [11]. MS-B12 is expressed in all tissues
throughout the body, whereas BHMT expression is mainly restricted to the liver and kidney [3,12]. Once Met is formed by BHMT or
MS-B12, it can be converted to S-adenosylmethionine (SAM) by methionine adenosyl transferase (MAT) [13]. The liver is the primary
organ of SAM synthesis given that 50% of all methionine metabolism and 85% of all methyltransferase reactions occur hepatically
[13,14]. SAM is the master methyl donor, because it is required for a myriad of methyltransferase reactions, including PC synthesis [15],
creatine synthesis [14], sarcosine synthesis [16], histone protein methylation [17], 5-methylcytosine DNA or RNA methylation [18,19],
N6-methyladenosine  RNA methylation [20], catechol structure methylation [21], and other targets. SAM becomes S-
adenosylhomocysteine (SAH) when it donates its methyl group to a substrate molecule. (legend continued on the next page)



Supplementary Information

(legend continued) SAH, having structural similarity to SAM, is a potent allosteric inhibitor of most SAM-dependent
methyltransferases [22]. The enzyme S-adenosylhomocysteine Hydrolase (SAHH) is responsible for hydrolyzing SAH into Hey and
adenosine, making SAHH critical for the sustainment of SAM-dependent methyltransferase reactions. This is why the SAM:SAH ratio,
also known as the ‘methylation index’, is important for determining the animal’s capacity to activate SAM-dependent
methyltransferases [23,24]. A higher methylation index generally indicates increased capacity for methyltransferase activity. The folate
cycle is crucial for supporting a myriad of physiological reactions, including reactions that sustain the methylation capacity of the
animal. The folate cycle becomes biologically active when tetrahydrofolate (THF) receives a one-carbon group such as formyl group (-
HCO), methylene group (CHz) or methyl group (CHs), to yield 10-formyl-THF, 5,10-CH2THF or 5-CHsTHF, respectively [25]. 5,10-
CH:THF is the substrate for numerous enzymes such as Methylene Tetrahydrofolate Reductase (MTHFR), Serine
Hydroxymethyltransferase (SHMT), Thymidylate Synthase (TYMS), and bidirectional Methylene Tetrahydrofolate Dehydrogenase
(MTHFD2) [25]. MTHER is a cytosolic FAD-dependent enzyme that uses NADPH to reduce 5,10-CH2THF to form 5-CHsTHF. 5-
CHsTHF is then used by MS-B12 to methylate Hey to form Met [26], thereby supporting the methylation index of the animal [27].
SHMT includes a cytosolic (SHMT1) and a mitochondrial (SHMT?2) isoform; both of which are B6-dependent enzymes that consume
serine and THF in a reversible reaction that yields 5,10-CH.THF and glycine [28,29]. Serine, via SHMT, is the cell’s most important
contributor to the synthesis of 5,10-CH-THEF. Several other substrates and enzymes contribute directly to the synthesis of 5,10-CH-THF.
Those substrate/enzyme pairings include: dimethylglycine (DMG) via Dimethylglycine Dehydrogenase (DMGDH), sarcosine via
Sarcosine Dehydrogenase (SDH), and glycine via the 4-protein Glycine Cleavage System (“GCS”) [30,31].
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Figure S2. Partial least squares discriminate analysis (PLSDA). VIP scores from the metabolites were used to cluster plasma samples
according to PLSDA analysis. WF hens displayed the highest degree of clustering (notably, two WF samples perfectly coincident in
Q1), followed by DF, FSH, FXO and CTL. DF hens were the most unique in terms separation from all other diets. Dietary enrichment
with flaxseed oil (ie WF and FXO) caused a high degree of two-dimensional overlap. CRN was the least clustered, displaying a
pattern of dispersion across Q1, Q2 and Q3. The mean center (ie the average XY dimension) for WF was located in Q4 near the origin
(x=0, y=0). Similarly, FXO’s mean center was also near the origin. DF’s mean center showed a strong left shift beyond all other diets
and was placed slightly into Q4. The mean centers of WF, FXO and DF (ie the flax diets) displayed similar horizontal y-axis
alignment. The mean center of FSH extended separated itself further into Q1. Lastly, CRN and CTL displayed proximal mean centers

located in Q2.
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Figure S3. Plasma estimate of renal clearance. Hen blood plasma samples measured via LC-
MS/MS. VIP scores of metabolites were analyzed via one-way ANOVA (Duncan’s post-test,
p<0.05). Groups without a similar letter are significantly different. The sample size from each
group is listed in the Materials and Methods section (Section 5.3). Error bars are +/- SEM.
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Figure S4. Plasma estimate of creatine metabolism and GAMT activity (i.e. Creatine:Guanidinoacetic Acid). Hen blood plasma
samples measured via LC-MS/MS. VIP scores of metabolites were analyzed via one-way ANOVA (Duncan’s post-test, p<0.05).
Groups without a similar letter are significantly different. The sample size from each group is listed in the Materials and

Methods section (Section 5.3). Error bars are +/- SEM.
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Figure S5. BHMT, MS, and MTHFR gene transcript levels in liver homogenates of hens (using
GAPDH has a reference gene). RT-qPCR was conducted on hen liver homogenates to detect the
transcript level of genes for the enzymes that regulate Hcy remethylation. Fold changes were
analyzed via one-way ANOVA (Duncan’s post-test, p<0.05). Groups without a similar letter are
significantly different. Error bars are +/- SEM.
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Figure S6. Dendrogram showing K-means clustering of one-carbon donating
molecules. K-means clustering analysis was performed on the VIP scores (converted to
Z-scores) for “choline, betaine, serine, glycine, DMG, Met:betaine ratio and
serine:glycine ratio,” in order to determine the hierarchical clustering of blood plasma
samples by diet group (k=6 clusters). In order to conduct clustering analysis and
dendrogram modeling, each of these metabolites was converted to a standardized Z-
score and then evaluated with the R package ‘dendextend’. Significantly different
clusters are represented by different letters (A-F). All of the FSH samples and five out
of six CRN samples grouped into two adjacent clusters (A and B). DEM distinguished
itself by grouping within a single cluster (D). Notably, 16 out of 17 samples related to
the flaxseed diet (i.e. DFM, WFX or FXO) were grouped into two adjacent clusters (D
and E). Overall, WFX samples were mixed with DFM samples and FXO samples. CTL
samples expressed high dispersion given that two CTL samples were unique enough to
form distinct clusters (C and F). These k-means clusters reflect the results of the PLSDA
diagram where we evaluated all 108 metabolites in our dataset (Figure S2), suggesting
that the one-carbon donor molecules might be deterministic of large-scale
metabolomics, in laying hens or vertebrate animals.
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Table S1. Plasma levels of molecules that negatively regulate BHMT, in hens by diet group.

BHMT-inhibiting Plasma Level of Metabolite (by diet group)
molecule Control Defatted Flax Whole Flax  Flax Oil Corn Oil Fish Oil
DMG moderate low low moderate  moderate = moderate
SAM moderate high moderate  moderate = moderate = moderate
MTA moderate high moderate  moderate  moderate = moderate
Net inhibitory effect moderate =~ moderate low moderate  moderate =~ moderate

Table S2. Cox proportional hazard analysis of hen
survival, using the corn oil diet as reference.

Diet exp(coef)? 95% c.i. p-value
Defatted Flax 0.685* 0.471 to 0.997 0.048
Control 0.805 0.567 to 1.143 0.230
Whole Flax 0.825 0.577 to 1.181 0.293
Fish Oil 0.885 0.622 to 1.260 0.500
Flax Oil 0.888 0.625 to 1.263 0.508

*An “exp(coef)” below 1.0 indicates reduced risk
*Significantly reduced Cox proportional hazard (p<0.05)

Table S3. F-test results from One-way ANOVAs that were conducted in Figures 3, 4, 5, 6, and 7 (ordered by alphabet).

Parameter p-value Parameter p-value
4-Pyridoxic Acid (Figure 3) p<0.056 Homocysteic Acid (Figure 3) p<0.30
Adenosine (Figure 4) p<0.05 Homocysteine (Figure 4) p>0.30
Adenosine:SAH ratio (Figure 4) p<0.05 Homocysteine:SAH (Figure 4) p>0.066
Betaine (Figure 5) p<0.14 Met Sulfoxide:Met ratio (Figure 7) p<0.167
Body Weight of Cancerous Hens (Figure 5) p>0.30 Met:Betaine ratio (Figure 5) p<0.095
Body Weight of Normal Hens (Figure 5) p<0.01 Met:Hcy ratio (Figure 4) p>0.30
Choline (Figure 4) p<0.05 Methionine (Figure 4) p<0.19
Cystathionase (Figure 3) p<0.05 MTA (Figure 4) p<0.01
Cystathionine (Figure 3) p<0.0001 Pyridoxamine (Figure 3) p<0.125
Cystathionine Beta Synthase (Figure 3) p<0.05 SAH (Figure 4) p<0.05
Cystine (Figure 3) p>0.30 SAM (Figure 4) p<0.05
dAMP (Figure 4) p<0.05 SAM:Met ratio (Figure 4) p<0.01
Dimethylglycine (Figure 6) p<0.05 SAM:SAH ratio (Figure 4) p<0.05
Glucuronate (Figure 7) p<0.01 Serine (Figure 6) p<0.277
Glycerophosphrylcholine (Figure 7) p<0.001 Serine:Glycine ratio (Figure 6) p<0.05
Glycine (Figure 6) p>0.30 Taurine (Figure 3) p<0.05
GSSG (Figure 3) p>0.30 Tryptophan (Figure 6) p>0.30

Histidine (Figure 6) p<0.12
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