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The erythrocyte concentrations of the body’s chief physiologic methyl donor S-adenosylmethionine (SAM) and of its
metabolite and inhibitor S-adenosylhomocysteine (SAH), the plasma concentrations of total homocysteine (tHcy), and the
activity of N>'° methylenetetrahydrofolate reductase (MTHFR) in lymphocytes were determined in healthy subjects and
patients with diabetes mellitus without complications and at various stages of diabetic nephropathy, categorized according
to the degree of progression of the disease. These groups were as follows: 1, control; 2, diabetics with no complications; 3,
patients with albuminuria; 4, patients with an elevated plasma creatinine; and 5, patients on dialysis. No parameter studied
exhibited significant differences between the type 1 and the type 2 diabetics. In control subjects, the blood concentrations of
SAM were proportional to the activity of MTHFR; in diabetics, it was not. Consistent with previous observations, progression
of nephropathy was accompanied by increased concentrations of tHcy. Increased erythrocyte concentrations of SAH,
decreased erythrocyte concentrations of SAM, SAM/SAH ratios, and lymphocyte MTHFR activity also accompanied disease
progression. The blood concentrations of SAH paralleled those of tHcy, while the concentrations of SAM showed a bimodal
relationship with those of tHcy. These results provide further evidence that alterations in the blood concentrations of SAM
and related compounds are abnormal in patients with diabetes, particularly in those with nephropathy. The deficiency of SAM
may lead to methyl deficiencies, which may contribute to the high morbidity and mortality in patients with diabetic
nephropathy. We have also demonstrated a decrease in lymphocyte MTHFR activity in patients with advanced nephropathy,
suggesting that hyperhomocysteinemia in these patients may be due to a generalized metabolic abnormality. Further studies
are needed to determine the pathogenesis of these abnormalities and whether they are present in renal failure due to causes
other than diabetes or whether they are specific to diabetic nephropathy.
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-ADENOSYLMETHIONINE (SAM) is the body’s univer-  catalyzes the last step in the formation de novo of methyl

sal methyl donot.It is the essential substrate in almost all groups from the folate pool. In vivo, low concentrations or less
physiologic reactions resulting in the formation of methylated active forms of MTHFR result in an accumulation of homo-
products ranging from the neuroactive acetylchofitlerough  cysteine, which is thought to play a causative role in the
the phospholipid§, to the informational macromolecules of development of such pathologigs!2 The accumulation of
DNA and RNA# Adequate concentrations of SAM are neces- total homocysteine (tHcy) may thus be the consequence of the
sary for the normal control of gene expresstoBAM-depen-  lack of the methyl groups necessary for the reformation of
dent methylases produce as a byproduct the demethylated comethionine. On the other hand, high concentrations of tHcy
pound S-adenosylhomocysteine (SAH), which is a strongmay also cause hypomethylation via the intracellular accumu-
inhibitor of all methylases studiedLow SAM availability has  lation of SAHS
been associated with the development of caiagher forms Recent studies from this and other laboratories demonstrated
of abnormal cellular differentiatioh,while abnormal SAM  elevations in plasma tHcy in patients with diabetes who have
metabolism has been implicated in a number of neurologicatherosclerosis or renal impairméatt>SThe role, if any, of this
disturbances. metabolic abnormality in the etiology of diabetes complications

Similarly, deficiencies of the enzyme®N>methylenetetra  is unclear. The present studies were undertaken to obtain evi-

hydrofolate reductase (MTHFR) have been associated with @ence on a possible role for abnormal methyl group metabolism
number of pathologic conditions, including atherosclerdis, in diabetes. The results obtained provide the first direct evi-
birth defectsi* and neurologic abnormalitiés. This enzyme  dence that MTHFR may be a rate-limiting enzyme in the
biosynthesis of SAM in humans. These data raise the possibil-
ity that abnormal metabolism of SAM, tHcy, and related com-
pounds seen in diabetes may contribute to the progression of
the complications of the disease.
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Table 1. Clinical and Biochemical Characteristics of Subjects Studied

1015

Group 1 2 3 4* 5%
No. 10 10 6 11 6
Age 384 32+6 39+5 44 + 6 52 £5
Sex (M/F) 6/4 7/4 4/2 7/4 4/2
Duration of diabetes (yr) 8=+1 9+ 1.1 12+15 16 + 1.8
Fasting blood glucose (mg/dL) 93+6 141 + 22 163 £ 18 155 + 16 131 £19
Hemoglobin A 10(%) 5.4 + 0.2 8.1+ 0.5 8.2+ 0.6 8.6 + 0.4 8.3+0.8
Hypertension 0 3 4 1 6
Red cell folate (ng/mL) 148 = 13 159 = 19 169 = 30 198 = 20 271 £ 43
Vitamin B,, (pg/mL) 460 + 182 576 = 230 531 + 223 507 = 261 490 + 239
Overt heart disease 0 0 1 6 5
Other microvascular complications 0 0 2 11 6

*Taking vitamins as described in the text.

vascular complications was determined by physical examination in-tions8.19were all determined by previously published methods. RBC
cluding a dilated eye exam. The presence of cardiovascular disease wésvels of folate were measured by LabCorp (Kansas City, MO) using a
determined by an abnormal electrocardiogram (EKG) or a history ofstandard immunochemiluminometric assay. The samples were pro-
myocardial infarction or coronary artery bypass surgery. The subjectdected from exposure to light to prevent destruction of fofatitamin

and patients were divided into 5 categories according to the stage oB,,was measured in plasma by the Abbott AXSYM kit, a microparticle
progression of the nephropathy: group 1, healthy control subjectsenzyme immunoassay method (Abbott Laboratories, Chicago, IL).
group 2, diabetics with no complications; group 3, patients with mi-

croalbuminuria and overt albuminuria; group 4, patients with overt Satistical Analyses

nephropathy as evidenced by high plasma creatinine; and group 5, Two standard methods of statistical analyses were conducted to

patlents on hgm_o dlaly§ 'S'_Wh"e bOt_h type 1 and type 2 diabetics Wer%valuate the results: regression analysis and the pair-wise comparisons
included in this investigation, the biochemical results showed no sig- ¢ group means! The results were regarded as being statistically

nificant differences between them and were thus combined. The age %fignificant atP < .05. To compare the stage of diabetes with the
the subjects also exerted no observable effect on the results of the?ﬁochemical chang.es'observed we numerically ordered each of the

investigations. The gender of the individuals did appear to influence thediabetic groups according to the severity of the disease as described
overall blood concentrations of SAM and tHcy, but did not alter the bove

biochemical changes produced by the diabetes and renal disease. These

are discussed in Results. All patients in groups 4 and 5 were taking

multivitamins, consistent with our treatment policy of treating all such

patients with water soluble vitamins. The patients are advised to take aBiochemical Changes

least 1 tablet daily of Nephro-vite (R&D Laboratories, Marina Del Ray, The average blood concentrations of SAM, SAH, tHcy, and

CA), which contains folic acid 1 mg, vitamin,86 ug, and vitamin & MTHFR activity in the control subjects and in the diabetic

10 mg. patients are described in Table 2. Pair-wise comparisons of the

results showed that the patients on dialysis showed significant

_ - _ abnormalities in all parameters determined (Table 2). The pa-
The blood samples were obtained at the Division of Endocrinologytjents on dialysis displayed lower concentrations of erythrocyte

and Metabolism, John L. McClellan Veterans Administration Hospital, SAM and elevated concentrations of SAH, resulting in greatly

Little Rock, AR. Blood was collected in the fasting state, and in decreased ratios of SAM to SAH compared with the corre-

patients in group 5, it was collected prior to the start of dialysis. To di | in th trols. | dditi their | s of
obtain plasma, the samples were immediately centrifuged by standargPonding V"f‘ ges in e, cgp rois. in addition, EII‘. evels o
techniques to obtain plasma, lymphocytes, and erythrocytes. ImmediM THFR activity were significantly reduced, and their plasma

ately following isolation by centrifugation, the blood fractions were Conf:entrations of tHey were _e_levated compared with C_Omr_0|
frozen at—70°C for subsequent analysis. Plasma tffclymphocyte  subjects. The only other significant change seen on pair-wise
MTHFR7 and red blood cell (RBC) SAM and SAH concentra- comparison was that elevated plasma tHcy was seen in the

RESULTS

Tissue Preparation and Compound Analysis

Table 2. Plasma SAM, SAH Concentrations, SAM/SAH Ratios, and Lymphocyte MTHFR Activity in Control Subjects
and Diabetic Patients at Different Stages of Diabetic Nephropathy

Erythrocyte
Plasma Lymphocyte
Group Description SAM* SAH* SAM/SAH tHey* MTHFRt

1 Controls 1.27 = 0.21% 0.63 = 0.06 2.23 £0.47 10.2 = 0.8 1.95 = 0.44
2 Diabetics + no complications 1.16 = 0.09 0.61 = 0.08 1.99 + 0.18 8.7 0.7 1.92 = 0.27
3 Diabetics + albuminuria 1.09 = 0.29 0.62 = 0.07 1.73 = 0.40 10.8 = 1.1 1.26 = 0.32
4 Diabetics + raised creatinine 1.27 £ 0.19 0.70 = 0.14 1.96 = 0.36 17.7 = 1.78 1.42 = 0.21
5 Diabetics + dialysis 0.53 = 0.118 1.60 = 0.498 0.47 = 0.168 14.3 = 1.78 0.89 = 0.158

NOTE. All figures are mean * SD.

*pumol/L; Tunit = nmol/h/0.5 mg protein; ¥mean = SEM; 8significantly different from controls.
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PERE— 0.0 ! » RO R et SAH, tHcy, and MTHFR in the
blood of diabetic patients as a
STAGE OF DIS EASE function of the stage of the dis-
1. Control 4. Diabetes + overt nephropathy ease. The error bars represent
2. Diabetes + no complications 5. Diabetes + dialysis the SEM; P values reflect the
. . N trends of each parameter over
3. Diabetes + albuminuria the stage of the disease.

diabetic patients with elevated creatinine (Table 2). Figure lquadratic function of tHcy when plasma tHcy concentrations
illustrates the trends in the concentrations of SAM, SAH, tHcy, are less than 1wmol/L (R = .539,P < .03, n= 24). This
and MTHFR activity over the course of the disease. The mostorrelation is not seen if the confounding data from the dialysis
consistent of these trends was the increase in plasma tHcy arghtients are included. This finding is consistent with the tHcy-
the decrease in lymphocyte MTHFR during disease progressiodependent accumulation of SAH, which, as an inhibitor of
(Fig 1). SAM/SAH ratios also showed a decrease with theSAM-dependent methylaségan produce an accumulation of
progression of the diseas® (= .430, n= 34, P < .01). SAM.
Regression analysis of the tHcy and creatinine data from all 4
diabetic groups shows a significant correlation between the 2 DISCUSSION
compounds R < .01; data not shown). No other significant  Three significant, and interrelated findings were made in
correlation between creatinine and any of the other parameterghese studies. First, diabetes, particularly in the latter stages of
studied was observed. diabetic nephropathy, is accompanied by abnormal methyl
group metabolism. Second, in control subjects, the blood con-
SAM Versus MTHFR centrations of SAM were proportional to the MTHFR activity.
Regression analysis of our results showed highly significanfinally, advanced diabetic nephropathy is associated with de-
linear correlation between SAM and MTHFR in control sub- creased MTHFR activity in lymphocytes, indicatiagnormal-
jects R = .901, P < .01). This result is consistent with a ities in homocysteine metabolism in tissues other than the kidney.
determining role by MTHFR on erythrocyte SAM concentra- |t has long been known that MTHFR plays a determinant
tions. The correlation was absent in the diabetics. Regressiorole in the provision of physiologic methyl group donors,
analysis of SAM versus MTHFR in patients with no compli- particularly SAM22.23However, few studies on the relationship
cations (group 2) or with only albuminuria as the most ad- between SAM concentrations and MTHFR activity have been
vanced lesion (group 3), showed no significant correlativs( conducted in humar®s.25 The present finding on the linearity

—.031,P > .9, n= 22). between SAM and MTHFR activity is consistent with earlier
studies on the mutual interaction of SAM and MTHF=RS.27
SAH and SAM Versus tHey It is also consistent with recent data showing diminished DNA

Through the reverse action of the enzyme SAH hydrolasemethylation in the lymphocytes of patients homozygous for the
tHcy serves as a metabolic precursor of SAWhen data from  C677T genotype of MTHFR, a less active form of the en-
all groups are combined, there is a highly significant correlationzyme?8 The evidence indicating abnormal methyl group me-
between the RBC concentrations of SAH and the plasma contabolism in diabetics includes: (1) the changes in SAM, SAH,
centrations of tHcy R = .582; P < .0005, n= 32) (Fig 1). MTHFR, and tHcy seen in the blood of diabetic patients,
Also, SAM concentrations in erythrocytes appear to exhibit aparticularly with those on dialysis, and (2) the disassociation
significant correlation with tHcy and can be expressed as d&etween MTHFR activity and SAM concentrations seen in all
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patients with diabetes. The changes in SAM and SAH concensuggest that it may be related to diabetes per se and not to renal
trations were only found to be significant in the patients onimpairment. Recent data suggests that instffffand possibly
dialysis (group 5), but those in MTHFR activity and tHcy were even glucos¥ may play a role in homocysteine metabolism by
significant in patients with less impaired kidney function regulating the function of enzymes including MTHFR.
(group 4). Thus, dialysis itself may contribute to some of theséWhether these factors are responsible for the changes seen in
changes, although other factors in advanced renal failure mathis study warrants further investigation.
also be important. Since the blood samples were collected prior Confirmation of the physiologic methyl group insufficiency
to dialysis, these changes are unlikely to be an acute effect ah diabetic patients could have strong etiologic and therapeutic
dialysis. A previous study with diabetic patients on hemodial-implications. A number of experimental studies have shown a
ysis showed that they were more susceptible to atheroscleroskigh, specific requirement for methyl donors by the pandi@gs,
than were dialysis patients without diabetes and that theilas well as the pancreatic toxicity of a number of agents that
plasma tHcy concentrations were proportional to their plasmaleplete SAMB-4041|n animals, experimental diabetes is fre-
creatinine concentratiorf8.However, the linear correlation be- quently accompanied by alterations in methyl group metabo-
tween tHcy and creatinine concentrations in the blood has alstism.42-45In humans, folate deficiency is sometimes associated
been found in other studies with diabetics, even with patientsvith poor metabolic contral® while methotrexate is particu-
who were not on dialysi®-31 The role of end-stage renal larly toxic towards the liver in diabetic patierts48 The pop-
disease on the alterations in the metabolism of methyl-relatedlation in the present investigation does not appear to be folate-
intemediates seen in the present investigation merits furtheor vitamin B, ,-deficient, due to vitamin supplementation (a
investigation. Hyperhomocysteinemia is very commonly seencommon clinical practice in such a patient population). Thus,
in diabetics and has been associated with the renal damage atfie folic acid replacement in renal patients appears to lead to
atherosclerosis occurring in these patigitss While alter-  adequate RBC folate concentrations with elevated plasma tHcy
ations in SAM and SAH concentrations and in MTHFR activity concentrations, perhaps due to the decrease in MTHFR activity,
in lymphocytes in diabetic patients do not appear to have beedescribed here for the first time. This finding is compatible with
reported previously, similar findings have been made in pa-other reports of folate supplementation therapy in renal patients
tients with renal failuréz or hyperhomocysteinemi&. The not adequately lowering plasma tH#§.
change in lymphocyte MTHFR activity is also noteworthy, as  Since we have not studied nondiabetics on dialysis, we
it indicates a generalized metabolic abnormality rather than justannot ascribe our findings to diabetes per se nor can our
a renal one. It is possible that MTHFR activity is decreased infinding be extrapolated to nondiabetics on dialysis. Diabetic
other tissues, including the endothelium, where a local abnornephropathy is associated with a poor prognosis, with high
mality in homocysteine metabolism may contribute to the in-rates of morbidity and mortality. Furthermore, diabetics on
creased cardiovascular morbidity and mortality associated withdialysis have a poorer prognosis that nondiabetics on dialysis.
albuminuria in patients with diabetés. Further work is required to determine whether (1) the poor
There was no significant correlation between SAM andprognosis is related to the abnormal methyl group metabolism
MTHFR in patients with no complications (group 2) or with described above; and (2) whether such an abnormality is spe-
only albuminuria as the most advanced lesion (group 3). Theific to some types of renal disease such as diabetic nephrop-
reason for this lack of expected association is not clear. The facathy. A clearer understanding of such abnormalities is required
that the relationship is lost even in patients without albuminuriato develop treatment strategies for these patients.
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