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Abstract

Hyperhomocysteinemia is an established risk factor for arterial as well as venous thromboembolism.
Individuals with severe hyperhomocysteinemia caused by inherited genetic defects in homocysteine
metabolism have an extremely high incidence of vascular thrombosis unless they are treated
aggressively with homocysteine-lowering therapy. The clinical value of homocysteine-lowering
therapy in individuals with moderate hyperhomocysteinemia, which is very common in populations
at risk for vascular disease, is more controversial. Considerable progress in our understanding of the
molecular mechanisms underlying the association between hyperhomocysteinemia and vascular
thrombotic events has been provided by the development of a variety of murine models. Because
levels of homocysteine are regulated by both the methionine and folate cycles,
hyperhomocysteinemia can be induced in mice through both genetic and dietary manipulations. Mice
deficient in the cystathionine S-synthase (CBS) gene have been exploited widely in many studies
investigating the vascular pathophysiology of hyperhomocysteinemia. In this article, we review the
established murine models, including the CBS-deficient mouse as well as several newer murine
models available for the study of hyperhomocysteinemia. We also summarize the major vascular
phenotypes observed in these murine models.
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Introduction

Hyperhomocysteinemia is defined as an elevation of Blasma total homocg/stelne (tHcy) Lin
humans, plasma levels of tHcy are modulated by diet,~ genetic factors certain drugs and
renal function.8 Severe hyperhomocysteinemia (plasma tHcy > 100 umol/L) is cIassmaIIg
caused by rare genetic defects in the metabolism of methionine, folate, or vitamin B12,5 9 but
|t also can occur in individuals with severe vitamin B12 deficiency due to pernicious anemia.
0 Moderate hyperhomocysteinemia (plasma tHcy of 10 to 100 pmol/L) can be caused by renal
disease, nutritional deficiencies of folate or vitamin BlZ or a common genetic variant in the
methylene tetrahydrofolate reductase (MTHFR) gene. 1 Moderate hyperhomocysteinemia is
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highly prevalent in most populations. Depending on the folate content of the diet and the age
of the population, it may be found in 5 to 10% of healthy adults and in ug to 20—40% of patients
with myocardial infarction, stroke or venous thromboembolism. 11,12,13

Recent interest in hyperhomocysteinemia has been driven by its association with vascular
disease and thrombosis. Premature atherothrombotic disease is a hallmark of severe
hyperhomocysteinemia, and dietary intervention to lower severely elevated tHcy levels can
prevent life-threatening thrombotic events.14 Like severe hyperhomocysteinemia, moderate
hyperhomocysteinemia is also a risk factor for adverse vascular events such as stroke,
myocardial infarction, and venous thromboembolism.12: 13 The hypothesis that
homocysteine-lowering therapy protects from adverse vascular events in individuals with
moderate hyperhomocysteinemia is unproven, however. Several recent clinical trials have
suggested that homocysteine-lowering therapy does not grotect from secondary vascular events
in patients with moderate hyperhomocysteinemiz:1.15‘1 Some studies, however, have
suggested that population interventions to lower tHcy may produce clinical benefitin a primary
prevention setting.zo’ 21

Several animal models of hyperhomocysteinemia have been developed to examine the vascular
pathophysiology of altered homocysteine metabolism. Animal models have been used to
investigate mechanisms of thrombosis and vascular dysfunction and to explore the vascular
effects of specific genetic or dietary interventions. Several species of animals have been used
to investigate vascular structure or function in hyperhomocysteinemia, including baboons,221

3 monkeys,24 minipigs,25 rabbits, 26 27, and rats.28-30 Murine models of
hyperhomocysteinemia are gaining in popularity for vascular studies due to the availability of
many transgenic and gene targeted strains and because of improvements in methods for the
analysis of vascular structure and function in mice.31-33 The purpose of this review is to
summarize the availability and utilization of murine models of hyperhomocysteinemia for the
investigation of vascular function.

Homocysteine metabolism

Homocysteine is formed as an intermediate product in the metabolic cycle of methionine
(Figure 1). The metabolism of homocysteine is complex because it involves several enzymes
and cofactors and because homocysteine is a metabolite in two cyclic pathways (the methionine
and folate cycles). After it is formed from methionine, homocysteine can be further metabolized
to cystathionine by a vitamin B6-dependent enzyme, cystathionine s-synthase (CBS).
Alternatively, homocysteine can be remethylated back to methionine through one of two
separate reactions. Betaine homocysteine methyl transferase (BHMT), an enzyme that is found
in the liver and kidney, remethylates homocysteine using a methyl group derived from betaine
(aderivative of choline). Methionine synthase (MS) is a vitamin B12-dependent enzyme found
in most cells that remethylates homocysteine to methionine using a methyl group from 5-
methyl tetrahydrofolate. An accessory enzyme, methionine synthase reductase (MSR), is
required to maintain the activity of MS. The folate cycle plays a key role in homocysteine
remethylation by providing the methyl donor, 5-methyltetrahydrofolate, which is generated by
the enzyme MTHFR. It is evident from Figure 1 that homocysteine levels can be manipulated
in animals by altering the availability of one or more of the substrates (e.g. methionine, folate,
or choline) or cofactors (e.g. vitamin B6 or vitamin B12) or by altering the expression of one
of the key enzymes (e.g. CBS, BHMT, MS, MSR, or MTHFR) of these metabolic pathways.

Murine models of hyperhomocysteinemia

Hyperhomocysteinemia can be produced in mice through dietary modifications, genetic
approaches, a combination of dietary and genetic interventions, or by pharmacological
approaches.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2009 March 1.
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Diet-induced hyperhomocysteinemia

Several dietary approaches have been developed to induce hyperhomocysteinemia in mice.
These include interventions that: 1) increase the metabolic flux through the methionine cycle
by adding excess amounts of methionine to the diet, 2) limit the CBS-dependent conversion
of homocysteine to cystathionine by decreasing the dietary content of vitamin B6, 3) limit the
MS-mediated remethylation of homocysteine by using a diet that is deficient in folate and/or
vitamin B12, 4) limit the BHMT-mediated homocysteine remethylation by decreasing the
amount of choline in the diet, or 5) adding homocysteine itself to the drinking water. Because
deficiency states for folate, vitamin B6, and vitamin B12 are common in human patients with
hyperhomocysteinemia and atherothrombotic disease, 11 experimental diets that are deficient
in these vitamins may have direct relevance to human vascular disease.

The nutritional requirements for the laboratory mouse as recommended by the National
Research Council (NRC) include SE/Kg methionine, 0.5 mg/Kg folic acid, 10 ng/Kg vitamin
B12, and 7 mg/Kg of vitamin B6.34 In comparison with the NRC guidelines, typical
commercial mouse chows contain slightly less methionine (3—5 g/Kg) and excess amounts of
B vitamins (2—8 mg/Kg folate, 25—-90 pg/Kg vitamin B12, and 7—17 mg/Kg vitamin B6). When
used as control diets, these commercial chows produce plasma tHcy levels of 3—6 umol/L
(Table 1). Most studies of hyperhomocysteinemia in mice have used control and experimental
diets with casein and/or soy-based dietary formulations, but some authors have advocated the
use of amino acid defined diets to avoid lot-to-lot variability in the content of methionine and
other amino acids.3° Most studies have used ad libitum feeding protocols, but some have
advocated the use of pair feeding,36 to ensure that all of the mice have similar food intake.

High methionine diets—Several methods have been employed to manipulate the dietary
intake of methionine in mice (Table 1). One common approach is to formulate an experimental
diet with an increased amount of L-methionine to increase the total methionine content of the
diet. Moderate hyperhomocysteinemia (plasma tHcy levels of 18—-60 umol/L) can be achieved
by increasing the total methionine content ug to 12 to 20 g/Kg37' 38 or by adding 0.5% L-
methionine to the drinking water (Table 1).3 -44 Severe hyperhomocysteinemia (plasma tHcy
levels greater than 200 umol/L) can be obtained by increasing the total methionine content
even higher (Table 1)744, Dputa dietary content of methionine greater than 20 g/Kg may
produce untoward effects on growth and other toxic effects. In a study of apolipoprotein E-
deficient (Apoe—/—) mice, a dietary methionine content of 22 g/Kg resulted in weight loss and
a dietary methionine content of 44 g/Kg was found to cause severe grovvth retardation and early
death.#6 Massive methionine excess also can be fatal in humans.#/

Diets deficient in folate, vitamin B12, and/or vitamin B6—Another common dietary
approach to induce hyperhomocysteinemia in mice is to restrict the dietary intake of the B
vitamins involved in homocysteine metabolism (folate, vitamin B12, and/or vitamin B6). Many
folate-deficient diets also contain an antimicrobial agent such as sulfathiazole to inhibit the
growth of intestinal bacteria that produce folates.36, 43, 48, 49 Depending on the degree of B
vitamin restriction, these diets can produce either a mild degree of hyperhomocysteinemia
(plasma tHcy levels of 8-10 umol/L) or very severe hyperhomocysteinemia (plasma tHcy
levels greater than 200 umol/L) (Table 1). As with extremely high levels of methionine
supplementation, severe restriction of B vitamins can produce weight loss36 and other non-
specific effects. Because folate deficiency may lead to neural tube defects and developmental
delay,50'52 folate-deficient diets should be used cautiously in pregnant or very young mice.
To avoid the toxicity of diets that contain extremely high amounts of methionine or extremely
low amounts of B vitamins, several investigators have formulated diets that contain modestly
elevated amounts of methionine (8—14 g/Kg) in combination with moderate restriction of
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folate, vitamin B12, and/or vitamin B6. Such diets can be used to elevate plasma tHcy to levels
of 10-90 umol/L (Table 1).

Choline-deficient diets—Choline is another extremely important dietary constituent that
has a major influence on homocysteine metabolism. Choline serves as a dietary source of
betaine, the methyl donor for homocysteine remethylation catalyzed by BHMT (Figure 1).
Therefore, the amount of choline in the diet can greatly impact the plasma tHcy level. It often
can be difficult to compare the choline content of diets that are formulated with different
chemical sources of choline, such as choline chloride or choline bitartrate, especially when the
molar concentration of chollne |s not provided. The NRC nutritional requirement for choline
(as free base) is 7.9 mmoI/Kg, which is equivalent to about 2 g choline bitartrate/Kg or 1.1
g choline chloride/Kg of diet. Most commercially-available mouse chows contain 8—21 mmol
choline/Kg, which meets the NRC requirement (Table 1). A dietary content of choline below
8 mmol/Kg usually produces elevation of plasma tHcy, even when the dietary content of
methionine is not excessive and the diet contains sufficient amounts of folate, vitamin B12,
and vitamin B6 (Table 1).35 Even when the dietary content of choline is within the NRC
recommended range, choline may become a major determinant of plasma tHcy levels when
the BHMT remethylation pathway is metabolically stressed, for example by enzymatic defects
in CBS or MTHFR or by diets that contain excess amounts of methionine or are deficient in
folate or vitamin B12. Choline has been demonstrated to be a limiting nutrient after oral
methionine loading in mice. 53 Conversely, choline-rich diets have been used to lower plasma
tHcy and improve the viability of mice with severely impaired transsulfuration defects. 54 A
similar approach is to use betaine-rich diets to increase BHMT-mediated remethylatlon of
homocysteine in mice with transsulfuration defects due to CBS def|C|ency Betame rich diets
also have been used to improve the viability of mice with MTHFR def|0|ency

Dietary administration of homocysteine—Lastly, plasma tHcy levels in mice can be
manipulated by adding homocysteine itself to the drinking water (Table 1). The addition of
D,L-homocysteine (0.9 g/L) to the drinking water of Apoe—/— mice has been reported to elevate
the plasma tHcy concentration to 33 to 52 p.m0|/L.56'

The addition of 0.9 g/L homocystine (the disulfide derivative of L-homocysteine) produced a
lesser elevation of plasma tHcy (16 pmoI/L)57 (Table 1). In another study, 46 the long-term
(up to 12 months) treatment of Apoe—/— mice with 1.8 g/L D,L-homocysteine elevated the
plasma tHcy concentration to 146 umol/L.

Limitations of dietary models—A major limitation of all of the dietary models of
hyperhomocysteinemia is that elevation of homocysteine is almost always accompanied by
alterations in other metabolites that may influence vascular pathophysiology. For example,
folate- def|C|ent diets may deplete tissue folate pools independently of their effects on plasma
tHcy levels.® Slmllarly, methionine-rich diets may affect tissue levels of S-
adenosylmethionine (SAM), potentially altering SAM-dependent methylation of DNA,
phospholipids, and histones. Both folate deficiency and methionine excess have been proposed

g% h%\ée adverse effects on vascular function that may be independent of elevated homocysteine.

Genetic models of hyperhomocysteinemia

To avoid potential confounding effects of dietary interventions that may be independent of

altered homocysteine metabolism, several genetic models of hyperhomocysteinemia have been
developed. These include mice with targeted deletions of the genes encoding CBS, MTHFR,
and MS, as well as transgenic mice that express the human CBS gene. These genetic models
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provide the opportunity to study the effects of hyperhomocysteinemia in the absence of dietary
interventions.

Genetic models of altered CBS expression—In the mid 1990s, the first genetic model
of hyperhomocysteinemia in mice was developed through the targeted disruption of the Chs
gene, which encodes murine CBS.60 These mice are predisposed to hyperhomocysteinemia
because they have an impaired ability to convert homocysteine to cystathionine (Figure 1).
This mouse line was initially developed as a model of hereditary homocystinuria. Mice
homozygous for the targeted Chs gene (Chbs—/— mice) have markedly elevated plasma tHcy
levels (over 200 umol/L) that are very similar to those in human patients with homozygous
CBS gene mutations.®

Cbs—/— mice do not exhibit all of the phenotypic features of human CBS deficiency, however.
For example, Chs—/— mice have only a modest elevation of plasma methionine, they do not
develop ocular or skeletal abnormalities, and they tend to develop more severe hepatic steatosis
than humans with homozygous CBS mutations. Unlike human subjects with hereditarf/
homocystinuria, Cbs—/— mice survive poorly beyond three to five weeks of age.60v 61 This
difference may reflect the fact that most human patients with homozygous CBS gene mutations
have a small amount of residual CBS activity whereas Cbs—/— mice have a complete absence
of CBS activity. The poor survival of Cbs—/— mice is associated with generalized growth
retardation rather than any specific developmental defect. The yield of adult Cbs—/— mice can
be increased by the use of diets that are supplemented with choline®4 and by an aggressive
approach to animal husbandry that includes delayed weaning and selected removal of littermate
mice that may compete for maternal care.61 Even with these aggressive approaches, however,
a hié]h rate of growth retardation and early death has been seen in most studies of Cbs—/— mice.
54,61 Therefore, most investigations of vascular endpoints have utilized mice heterozygous
for the disrupted Cbs gene (Cbs +/— mice). When fed a typical control diet, Cbs+/— mice have
a mild elevation of plasma tHcy levels (5—9 pmol/L, compared with <5 pmol/L in wild-type
Cbs+/+ mice). Even this mild degree of elevation of tHcy has been found to produce vascular
pathophysiological effects in some studies.39 62, 63

To overcome the poor survival of Cbs—/— mice and provide a more useful murine model of
severe hyperhomocysteinemia, Wang and colleagues45 generated a transgenic mouse line that
expresses the human CBS transgene under the control of a zinc-inducible metallothionein
promoter. When these human CBS transgenic mice were crossbred with Cbs—/— mice and fed
a diet supplemented with zinc, the human CBS transgene was found to rescue Chs—/— mice
from early lethality. The resultant adult human CBS transgenic Chs—/— mice had moderate
hyperhomocysteinemia (plasma tHcy levels of 25—-90 umoI/L).45 When excess zinc was
removed from the diet after weaning, these mice developed extremely high levels of plasma
tHcy (up to 231 umol/L) with no apparent decrement in survival. 45 The same group has
generated another human CBS transgenic mouse line with a missense mutation (1278T) in the
human CBS transgene corresponding to a common mutation in human CBS-deficient subjects.
64 The human CBS 1278T transgenic mouse also rescues Chs—/— mice from early lethality,
and, in either the presence or absence of excess zinc, produces levels of plasma tHcy greater
than 250 umol/L in human CBS 1278T transgenic Chs—/—mice.

These new transgenic mouse lines should provide a good resource to examine the vascular
phenotype of a purely genetic, rather than dietary, model of severe hyperhomocysteinemia.
One limitation of these transgenic models is that expression of the human CBS transgene
requires exposure to relatively high levels of zinc (e.g. 25 mmol/L in the drinking water), which
may raise concerns about potential confounding metabolic or enzymatic influences of zinc. As
with any transgenic model, another limitation is the possibility that transgene-insertion effects
could theoretically influence the vascular phenotype.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2009 March 1.
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Genetic models of MTHFR deficiency—In 2001, mice deficient in MTHFR were
generated through the targeted disruption of its gene, Mthfr.65 These mice have an impaired
ability to convert homocysteine to methionine (Figure 1). When fed a control diet, mice
homozygous for the targeted disruption of the Mthfr gene (Mthfr—/— mice) have moderate
hyperhomocysteinemia (plasma tHcy ~30 umol/L). Despite having only a moderate elevation
of plasma tHcy, Mthfr—/— mice suffer from decreased survival within the first five weeks of
age and develop motor and gait abnormalities due to cerebellar hypoplasia. Dietary
supplementation with betaine throughout pregnancy and during lactation helps to decrease the
early mortality of Mthfr—/— mice from 83% to 26%.°° Betaine supplementation also partially
reverses the abnormal cerebellar developmental in Mthfr—/— mice. Mice heterozygous for
Mthfr deficiency (Mthfr+/— mice) survive normally but have only a small increase in plasma
tHcy, to about 5 umol/L compared with about 3 umol/L in wild type Mthfr+/+ littermates.55
Mthfr+/—mice have been utilized in several studies investigating the vascular effects of altered
homocysteine remethylation.43' 66

Genetic models of MS deficiency—Another mouse model with a genetic defect in
homocysteine remethylation is the MS-deficient mouse. This mouse line was generated by
targeted disruption of the Mtr67 gene, which encodes murine MS. These mice have a limited
capacity to convert homocysteine to methionine (Figure 1). Unlike homozygous disruption of
the Chs or Mthfr genes, homozygous disruption of the Mtr gene produces complete embryonic
lethality. This suggests that MS activity is absolutely required for early embryonic
development. The embryonic lethality of Mtr—/— mice is likely caused by a “methyl folate
trap,” in which folates accumulate as 5-methyl tetrahydrofolate and are not available for
thymidylate or purine synthesis or other folate-dependent one carbon reactions. Dietary
supplementation with folic acid, methionine, choline, or betaine does not rescue the lethality
of Mtr—/— embryos.67

Mice with heterozygous disruption of the Mtr gene (Mtr+/— mice) survive normally without
gross anatomical abnormalities or growth retardation. Levels of plasma tHcy are mildly
elevated in Mtr+/— mice (5—10 umol/L) compared with wild-type thr+/+) littermates
(generally less than 5 umol/L) when they are fed a control diet. 8,67 Some,7 but not all®8
studies have found that plasma tHcy levels are higher in female than in male Mtr+/— mice.
Like Mthfr+/— mice, Mtr+/— mice have been utilized to investigate the vascular effects of
altered homocysteine remethylation.58

Other genetic models of hyperhomocysteinemia—An alternative murine model of
defective homocysteine remethylation was recently developed by EImore et al .68 Using a gene-
trap vector insertion method, these investigators generated a mouse line that is deficient in
MSR, the enzyme that catalyzes the reductive reactivation of MS (Figure 1). MSR is essential
to maintain the functional activity of MS, which is susceptible to oxidation during its normal
reaction cycle. Mice homozygous for the gene trap mutation (Mtrr9Y9t mice) have normal
viability and development. Mtrrdt8t mice are not completely deficient in MSR activity, but
instead demonstrate a variable degree of MSR expression (from <1% to 37% of wild-type
levels) in different tissues. They have a moderate increase in plasma tHcy levels (18 umol/L
vs. 5 umol/L in wild-type Mtrr+/+ mice). They also have a 30% decrease in plasma methionine
levels. The vascular phenotype of these mice has not yet been investigated.

Combined genetic and dietary models of hyperhomocysteinemia

Dietary interventions can be combined with genetic models to generate mice with a wide range
of plasma tHcy levels (Table 2). This approach has been used extensively with Chs+/— mice

to examine the vascular phenotype of hyperhomocysteinemia.4ov 41,69, 70 cps+/— mice are
particularly susceptible to elevation of plasma tHcy when they are fed diets that contain high
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amounts of methionine (Table 2). Dietary interventions, including high methionine and low
folate diets, also have been used with Mthfr-+/—43 and Mtr+/-28 mice to examine the effects
of varying plasma tHcy concentrations on vascular function. In contrast to Cbs+/— mice, Mthfr
+/— mice have smaller elevations of plasma tHcy in response to high methionine diets but
greater elevations in response to low folate diets (Table 2). These findings in murine models
are consistent with clinical observations in humans with transsulfuration defects (such as CBS
deficiency), who are more susceptible to methionine-induced hyperhomocysteinemia than
subjects with remethylation defects (such as MTHFR deficiency).717

Pharmacological inhibition of BHMT

BHMT deficient mice are not yet available, but Collinsova and colleagues73 used a
pharmacological inhibitor to limit the enzymatic activity of BHMT in a mouse model.
Intraperitoneal injection of S-(5-carboxylbutyl)-DL-homocysteine, an S-alkylated
homocysteine derivative, produced a transient 60—90% reduction in hepatic BHMT activity
that was associated with a 2—3 fold increase in plasma tHcy levels (up to 12 umol/L). Repeated
injections of the inhibitor caused a further increase in plasma tHcy concentration after three
days (~ 18 umol/L).

Other factors that influence plasma tHcy levels in murine models

In mice, as in humans, the plasma concentration of tHcy is influenced by many factors in
addition to diet and specific genetic defects in homocysteine metabolic enzymes. These factors
include sex, age, genetic strain or background, the duration of dietary treatment, and the timing
and methods of sample collection.

Influence of sex and age—In humans, plasma tHcy levels are higher in males than females
and tend to increase with age in both genders.74’ 75 Most studies examining the vascular effects
of hyperhomocysteinemia in murine models have reported similar levels of plasma tHcy in
male and female mice. Some recent studies, however, have found that plasma tHcy levels are
higher in female than male mice.87+ 76 This sexual dimorphism in plasma tHcy levels a%)ears
to be caused by higher expression of CBS in the kidney of male mice than female mice.’® The
influence of age on plasma tHcy has not been studied systematically in mice. However, in a
recent study we found that male Apoe—/— mice fed a high methionine/low folate diet exhibited
an age-dependent decrease in plasma tHcy levels.”’

Genetic background—As with most murine models, /8 the phenotype of
hyperhomocysteinemic mice potentially can be influenced by strain differences, genetic drift,
and subtle variations in the genetic background of inbred lines of mice. These genetic
background effects can confound experimental studies of vascular function. We have found
that mice on a C57BL/6 background have a relatively higher sensitivity to diet-induced
hyperhomocysteinemia compared with mice on a BALB/c background fed the same diet (Table
1). The overall influence of genetic background on plasma tHcy levels has not been examined
systematically, however. Approaches that can be taken to minimize the potential confounding
effects of genetic background include the utilization of inbred mouse lines that have been
maintained by backcrossing to a defined genetic background for multiple generations and
experimental designs with littermate comparison groups.

Duration of diet—When mice are fed diets that are low in folate or high in methionine,
plasma tHcy levels generally increase relatively quickly (within 2 weeks) and remain elevated
as long as the diet is continued. Various durations of dietary feeding, ranging from one to twelve
months, have been used to study the vascular effects of hyperhomocysteinemia. 6-38, 40,
41,46, 48, 69, 70, 79 | i important to remember that an extended period of dietary feeding
may lead to secondary metabolic effects. For example, we have observed an initial increase,
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followed by a decline, in plasma tHcy in mice fed a high methionine/low folate diet for up to
one year. The fall in plasma tHcy after 8—12 months of dietary feeding was associated with
hepatic steatosis and increased plasma levels of methionine. We speculate that these secondary
metabolic effects may be caused by decreased expression of hepatic methionine
adenosyltransferase (MAT), which catalyzes the activation of methionine with ATP to produce
S-adenosyl methionine.

Sample collection—The plasma tHcy concentration also may be influenced by the timing
and method of sample collection. Blood is often collected into EDTA or another anticoagulant
and is kept on ice prior to centrifugation. Separated plasma is flash frozen and stored at —80°
C until it is analyzed for tHcy by HPLC or immunological assays. Homocysteine also can be
determined in samples of serum using similar assays; it is not known if there are significant
differences between serum tHcy and plasma tHcy levels in mice. Most assays for tHcy measure
the total amount of homocysteine and its disulfide derivatives, which include the disulfide
homocystine, homocysteine-cysteine mixed disulfides, and S-homocysteinylated albumin.1
Hemolyzed samples may have higher levels of tHcy due to red cell lysis. In some studies, blood
samples are collected from mice after surgical procedures that may involve the infusion of
saline or drugs and/or prolonged anesthesia. 39 40, 43, 58, 69 gch procedures may have
unintended effects on plasma tHcy levels. Depending on the methionine content of the diet,
the plasma concentration of tHcy may exhibit a large diurnal variation.80 Velez-Carrasco et
al. demonstrated that the addition of methionine to the diet produced a much greater increase
in non-fasting than fasting plasma tHcy levels.80

Vascular phenotypes of hyperhomocysteinemic mice

Many of the murine models described above have been utilized to study the vascular
pathophysiology of hyperhomocysteinemia (Table 3). Because of the poor growth and survival
of mice with homozygous defects in the Cbs, Mthfr, or Mtr genes, most investigators have
chosen to study mice with heterozygous Chs or Mthfr gene defects, often in combination with
dietary approaches to produce hyperhomocysteinemia. Despite the considerable variability in
the diets and genotypes used to produce hyperhomocysteinemia, several consistent vascular
phenotypic effects have been observed in these studies.32, 81

The most commonly observed vascular abnormality in murine models of
hyperhomocysteinemia is endothelial vasomotor dysfunction due to impaired bioavailability
of endothelium-derived nitric oxide.81 Endothelial vasomotor dysfunction has been observed
in large arteries, such as the aorta and carotid artery, as well as in smaller vessels, such as
mesenteric, cremasteric, and cerebral arterioles. Susceptibility to endothelial impairment may
vary with the degree of hyperhomocysteinemia. Smaller arterioles appear to be susceptible to
endothelial dysfunction in the presence of mild hyperhomocysteinemia, whereas large arteries
tend to exhibit functional abnormalities only in the presence of higher concentrations of plasma
tHcy.39'42’ 48, 58, 62, 63 Investigators interested in studying endothelial function in large
conduit arteries such as the aorta or carotid artery generally should utilize a dietary or genetic
model that produces plasma tHcy levels of 20 umol/L or higher (Table 1). On the other hand,
studies of endothelial function in small resistance vessels, such as mesenteric or cerebral
arterioles, can be readily performed using murine models that produce plasma tHcy
concentrations of 10 to 20 pmol/L.

In addition to abnormal vascular function, hyperhomocysteinemic mice also develop structural
alterations of the vessel wall. Several studies have demonstrated vascular hypertrophy,
remodeling, altered vascular mechanics, or increased stiffness of arteries or arterioles in mice
with hyperhomocysteinemia.g’gl 49, 82, 83 |ncreased neointima formation in response to
arterial injury also has been observed.38 Accelerated thrombosis of the carotid artery has been
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detected using the rose bengal photochemical thrombosis method33 in Cbs+/+, Cbs+/—, and
Apoe—/— mice fed a high methionine/low folate diet.89, 77

Several groups have utilized murine models to investigate the effects of hyperhomocysteinemia
on the development and progression of atherosclerosis. None of the murine models of
hyperhomocysteinemia described above has been observed to spontaneously produce
advanced atheroscleraotic lesions in the absence of hyperlipidemia. However,
hyperhomocysteinemia has been observed to potentiate the development of atherosclerosis in
susceptible strains of mice, such as hyperlipidemic Apoe—/— mice 7 or C57BL/6 mice fed an
atherogenic diet containing cholate.84 Hofmann et al. reported that Apoe—/— mice fed a
hyperhomocysteinemic diet developed atherosclerotic lesions in the aortic sinus that were of
greater size and complexity than those seen in Apoe—/— mice fed normal chow.37 Several other
investigators, using a variety of dietary and genetic approaches to induce
hyperhomocysteinemia in Apoe—/— mice, have confirmed and extended the observations of
Hofmann.46, 56, 57, 85, 86 A interesting study by Troen et al suggested that a high dietary
intake of methionine mag be atherogenic in Apoe—/— mice, even in the absence of significant
hyperhomocysteinemia. 6

Taken together, the vascular phenotypes observed in multiple murine models of
hyperhomocysteinemia strongly suggest that hyperhomocysteinemia, whether induced by
dietary or genetic approaches, is a causative factor in the development of atherothrombotic
vascular disease. It still remains an open question, however, whether it is homocysteine itself
or a related metabolic factor that is the key etiological agent.

Perspectives

It is apparent from Tables 1, 2 and 3 that a large number of murine models of
hyperhomocysteinemia have been developed and are now available for the study of vascular
endpoints. These murine models are particularly valuable in light of the inconclusive results
emerging from the homocysteine-lowering trials in human subjects.15' 17,20, 21,87 Among
the available models, Chs gene-targeted mice have been studied most extensively and have
provided a great deal of new information about the vascular phenotypes of
hyperhomocysteinemia.

A limitation of all of the murine models of hyperhomocysteinemia is that elevation of
homocysteine, whether induced by dietary or genetic means, may be accompanied by
alterations in other metabolites that may influence vascular pathophysiology. Even in the
absence of dietary modification, all of the currently available genetic models of
hyperhomocysteinemia produce significant alterations in folate pools, SAM levels, and/or
other homocysteine-related metabolites.31 A future challenge, with important clinical
implications, will be to design experimental approaches to distinguish between the direct and
indirect vascular effects of hyperhomocysteinemia. Such studies may be facilitated by new
murine models, such as the human CBS transgenic mouse, 4 that utilize inducible promoters
to conditionally express CBS or other transgenes. An alternative approach would be to develop
murine models with an endothelium- or vascular muscle-specific knockout or knockdown of
Cbs, Mthfr, or other methionine or folate cycle genes. One gene of particular interest is BHMT
(Figure 1). This gene is expressed only in the liver and kidney, which are the two major organs
that regulate plasma tHcy levels. The value of such murine models in defining the effects of
hyperhomocysteinemia on vascular disease susceptibility should increase as better techniques
become available for the quantitative assessment of vascular phenotypes in mice.
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Figure 1.

Approaches to produce hyperhomocysteinemia in mice based on the metabolic pathways of
homocysteine. Homocysteine is generated in the cytoplasm as an intermediate metabolite of
the methionine cycle. Once formed, homocysteine can be metabolized through one of three
pathways. First, homocysteine can be metabolized to cystathionine by cystathionine p-synthase
(CBS). This reaction requires vitamin B6 as a cofactor. Second, homocysteine can be
remethylated to methionine by methionine synthase (MS) in a reaction that requires vitamin
B12. This reaction utilizes a methyl group from 5-methyl tetrahydrofolate (THF) and thus
serves to link the methionine cycle with the folate cycle. 5-methyl THF is derived from the
activity of methylene tetrahydrofolate reductase (MTHFR). Methionine synthase reductase
(MSR) is required to maintain MS in its active conformation. Third, in the liver and kidney
homocysteine can be remethylated to methionine by betaine:homocysteine methyltransferase
(BHMT). This reaction uses betaine, which is derived from choline, as a methyl donor.
Hyperhomocysteinemia can be induced in mice by: 1) dietary administration of methionine or
homocysteine, 2) dietary deficiency of folate, vitamin B6, vitamin B12 or choline (blue), 3)
genetic deficiency of CBS, MTHFR, MS or MSR, or 4) pharmacological inhibition of BHMT

(green).
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