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Abstract

Background—β-Carboline alkaloids (e.g., harmane) are highly tremorogenic chemicals. Animal 

protein (meat) is the major dietary source of these alkaloids. The authors previously demonstrated 

that blood harmane concentrations were elevated in patients with essential tremor (ET) vs controls. 

Whether this difference is due to greater animal protein consumption by patients or their failure to 

metabolize harmane is unknown.

Objective—The aim of this study was to determine whether patients with ET and controls differ 

with regard to 1) daily animal protein consumption and 2) the correlation between animal protein 

consumption and blood harmane concentration.

Methods—Data on current diet were collected with a semiquantitative food frequency 

questionnaire and daily calories and consumption of animal protein and other food types was 

calculated. Blood harmane concentrations were log-transformed (logHA).

Results—The mean logHA was higher in 106 patients than 161 controls (0.61 ± 0.67 vs 0.43 

± 0.72 g−10/mL, p = 0.035). Patients and controls consumed similar amounts of animal protein 

(50.2 ± 19.6 vs 49.4 ± 19.1 g/day, p = 0.74) and other food types (animal fat, carbohydrates, 

vegetable fat) and had similar caloric intakes. In controls, logHA was correlated with daily 

consumption of animal protein (r = 0.24, p = 0.003); in patients, there was no such correlation (r = 

−0.003, p = 0.98).

Conclusions—The similarity between patients and controls in daily animal protein consumption 

and the absence of the normal correlation between daily animal protein consumption and logHA in 

patients suggests that another factor (e.g., a metabolic defect) may be increasing blood harmane 

concentration in patients.

β-Carboline alkaloids (BCAs), including harmane, harmaline, and others, are a group of 

naturally occurring chemicals that cause action tremor.1,2 Although BCAs are produced 

endogenously in the human body,3,4 the quantity derived from exogenous (dietary) sources 
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may be fifty times greater than that which results from endogenous production.5 BCAs are 

primarily found in cooked animal protein (beef, chicken, pork, fish) at ng/g 

concentrations.6-8 Like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, with which they have 

a structural similarity,9 BCAs are highly neurotoxic, and administration of BCAs to a wide 

variety of laboratory animals produces severe action tremor that resembles essential tremor 

(ET).10 BCA administration is the major animal model for ET and new therapies are tested 

using exposed animals.11 Human volunteers acutely exposed to large doses of BCAs display 

a coarse tremor.12,13 BCA-induced tremor shares many features with ET including its 

principal clinical features, drug-response characteristics,14-19 and underlying brain changes 

(cerebellar changes have been noted in physiologic and imaging studies of patients with ET; 

similarly, BCAs damage olivary-cerebellar pathways).10,14,18,20-23

The etiology of ET is poorly understood24 and a better understanding of disease etiology and 

mechanisms has the potential to modify or prevent a disorder that affects as much as 4% of 

the adult population.25 We previously demonstrated that blood concentrations of the BCA 

harmane were elevated in patients with ET vs controls.26 Whether this is due to increased 

animal protein consumption in patients or their failure to metabolize harmane is not known. 

We sought to determine 1) whether patients with ET consume more animal protein than 

controls and 2) whether animal protein consumption is correlated differently with blood 

harmane concentrations in controls than in patients. We also evaluated whether elevated 

harmane concentrations, which have been associated with increased odds of ET,26 are the 

result of dietary factors that differ between patients with ET and controls or due to an 

inherent metabolic difference between the two.

Methods

Participants

All participants were enrolled in a study of the environmental epidemiology of ET. Patients 

with ET were patients seen at the Neurologic Institute of New York, Columbia University 

Medical Center (CUMC). They were identified from a computerized database listing names 

and diagnoses of all patients billed within the past 3 years supplemented by a computerized 

database at the Center for Parkinson’s Disease and Other Movement Disorders, CUMC, 

which listed names and diagnoses of patients seen within the past 10 years. All patients had 

received a diagnosis of ET from their treating neurologist at the Institute. All patients with 

ET were selected for enrollment. Office records were reviewed, and patients with diagnoses 

or physical signs of dystonia, Parkinson disease (PD), or spinocerebellar ataxia were 

excluded.

Controls were identified from the New York Tristate area using random digit telephone 

dialing. Patients and controls were ascertained from the same source population in the New 

York Tristate region (i.e., controls were selected from the same set of zip codes in New York, 

New Jersey, and Connecticut as were the patients with ET). The majority of these controls 

also received their health care at the same medical center as did the patients with ET 

(CUMC). These controls were frequency matched to CUMC patients on 5-year age strata, 

gender, and ethnicity. Control recruitment proceeded more rapidly than patient recruitment, 

resulting in a larger number of controls than patients. To date, 513 subjects (232 patients 
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with ET and 281 controls) have been enrolled and data entered on 463. Of these 463, 267 

(57.7%) (106 patients with ET and 161 controls) were included in these analyses. The 

remaining 196 were excluded for the following reasons: phlebotomy was unsuccessful or 

quantity of blood was not sufficient for blood harmane analysis (n = 43), subjects did not 

fulfill diagnostic criteria for ET (e.g., they had PD, psychogenic tremor, or very mild action 

tremor; n = 26), blood specimen was not analyzed for harmane concentration because 

laboratory was in the process of moving locations (n = 47), dietary data were not completed 

fully (n = 39), and other data were missing (n = 41). The 196 who were excluded did not 

differ from the 267 who were included in terms of gender, ethnicity, or education but they 

were, on average, 4 years older.

Clinical evaluation

All subjects were evaluated in person by a trained tester. The tester was trained for 1 month 

by a neurologist (E.D.L.) to administer clinical questionnaires and to perform a videotaped 

examination. Most evaluations were home visits and therefore were performed in the late 

morning or early afternoon, making fasting levels impractical. Data suggest that plasma 

concentrations of harmane do not change significantly as long as 8 hours after meals.27

The tester collected demographic, clinical, and family history information, including data on 

number of rooms in the home (a socioeconomic indicator). Data on current diet were 

collected using a Willett Semi-Quantitative Food-Frequency Questionnaire. This 20-minute 

food-frequency questionnaire28 included questions on frequency of current consumption of 

61 foods and on the use of vitamins and mineral supplements. Food frequency data may be 

used to compute mean daily intake of total protein, animal protein, animal fat, vegetable fat, 

and carbohydrates (each in grams), calories (kilocalories), ethanol (grams), and caffeine 

(milligrams). The questionnaire has shown good reliability and validity related to recent 

nutrient intake.28 Current cigarette smoking status was assessed in each subject.

Weight and height were assessed using a balance scale designed for field surveys (Scale-

Tronix 5600, White Plains, NY) and a movable anthropometer (GPM Martin Type, Pfister 

Inc., Carlstadt, NJ). Body mass index was calculated as weight in kilograms divided by the 

square of height in meters.

The tester videotaped a tremor examination in all participants,29,30 and each of 12 

videotaped action tremor items was rated (E.D.L.) on a scale from 0 to 3, resulting in a total 

tremor score (range = 0 to 36 [maximum]). The rater also noted the presence or absence of 

head tremor on the videotaped examination. The diagnosis of ET was confirmed by the rater 

using published diagnostic criteria (moderate amplitude tremor during three activities or a 

head tremor) and diagnostic gradations of possible, probable, and definite ET.29,30 None of 

the patients or control subjects had PD or dystonia.

Blood harmane concentrations

During the clinical evaluation, phlebotomy was performed. Blood concentrations of harmane 

were measured blinded to any clinical information, including age, gender, and diagnosis. 

Samples were run in batches of 10, containing, when possible an approximately equal 

number (four to six) of patients and control specimens. A novel high-performance liquid 
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chromatography (HPLC) method for quantifying harmane in blood has been reported.26,31,32 

Briefly, one volume (9 to 12 mL) of whole blood was digested with NaOH, extracted with 

ethyl acetate and methyl-t-butyl ether (2/98, vol/vol), and reconstructed in methanol. 

Harmane was separated and quantified by HPLC with a fluorescence detector at an 

excitation wavelength of 300 nm and an emission wavelength of 435 nm. The intraday 

precision, measured as a coefficient of variation at 25 ng/mL, was 6.7%. The interday 

precision was 7.3%.32

Statistical analyses

Statistical analyses were performed in SPSS (Version 11.0). The empirical distribution of 

harmane was positively skewed. Using a one-sample Kolmogorov–Smirnov test, we tested 

whether harmane concentration was normally distributed. Rejection of the null hypothesis 

(i.e., p < 0.05) is consistent with a nonnormal distribution. Harmane was not normally 

distributed in patients or controls (Kolmogorov–Smirnov z = 1.54, p = 0.02 in patients, and z 
= 1.62, p = 0.01 in controls). Therefore, blood harmane concentrations were logarithmically 

transformed (logHA) and patient-control differences compared using Student t tests. Chi-

square tests were used to analyze proportions and Student t tests to examine group 

differences in continuous variables (table 1). Pearson (r) correlation coefficients were used to 

assess correlations between continuous variables.

In a logistic regression analysis, we tested whether the outcome, diagnosis (patient vs 

control), differed with respect to logHA. We also adjusted for age in these analyses; these 

analyses resulted in odds ratios (OR) with 95% CI per unit change in logHA. For some 

analyses, we stratified study subjects by tremor severity and diagnosis into five categories: 1) 

control subjects with no detectable tremor (total tremor score = 0), 2) control subjects with 

very mild tremor that was in the range of normal, 3) subjects with possible ET, 4) subjects 

with probable ET, and 5) subjects with definite ET (table 2). We then tested whether logHA 

was associated with tremor severity/diagnosis category in a linear regression analysis (test 

for trend; see table 2).

Daily consumption of food types was compared in patients and controls using Student t tests 

(table 3). In logistic regression analyses that adjusted for daily calories, age in years, body 

mass index, and years at current address, we tested whether patients vs controls differed with 

respect to either daily total protein intake or daily animal protein intake. We then tested 

whether daily protein consumption was associated with tremor severity/diagnosis category 

in a linear regression analysis (test for trend; see table 2) and, in a second linear regression 

analysis, tested whether daily animal protein consumption was associated with tremor 

severity-diagnosis category (test for trend; see table 2). Correlations between food types and 

logHA were examined separately in patients and controls using Pearson correlation 

coefficients (r, table 4). In linear regression analyses that controlled for calories, age, body 

mass index, and years at current address, we tested whether logHA was associated with daily 

consumption of total protein in one model and with daily consumption of animal protein in a 

second model.

Using pilot data on the expected mean daily protein consumption in controls (64.0 ± 20.2 g) 

and assuming α = 0.05, our study, with approximately 100 patients with ET and 
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approximately 150 controls, had 95.6% power to detect as little as a 15% difference in daily 

protein consumption between patients and controls. Assuming that α = 0.01 resulted in 

86.1% power. With the addition of data on 114 previously unreported subjects, the current 

sample represents a 65% increase in sample size from that of our earlier report; we note that 

the earlier report did not contain data on animal protein consumption or its correlation with 

logHA in patients vs controls.26

Results

LogHA in patients vs controls

There were 106 patients and 161 controls. The mean logHA was higher in patients than 

controls (0.61 ± 0.67 g−10/mL vs 0.43 ± 0.72 g−10/mL, p = 0.035). The patients and controls 

had similar demographic characteristics, except for age (see table 1); patients were on 

average 6 years older than controls.

We examined the factors that were associated with log HA in controls; logHA was 

associated with daily caloric consumption (r = 0.16, p = 0.045). LogHA was not associated 

with age in years (r = 0.03, p = 0.67), or other potential confounders (gender, ethnicity, 

current smokers vs nonsmokers, years of education, number of rooms in home, years at 

current address, body mass index, daily caffeine consumption in milligrams, or daily ethanol 

consumption in grams [p values ranging from 0.27 to 0.97, with the exception of daily 

ethanol consumption in grams in which p = 0.14]).

In a logistic regression analysis, logHA was associated with diagnosis (OR 1.54, 95% CI: 

1.07 to 2.22, p = 0.02). After adjusting for age in a logistic regression analysis, OR 1.43, 

95% CI: 0.98 to 2.41, p = 0.07. To further assess the association between logHA and 

diagnosis, we stratified all 267 study subjects by tremor severity and diagnosis into five 

categories. When comparing categories 1 through 5, there was a progressive increase in 

logHA (test for trend, p = 0.008; see table 2 and figure).

Aim 1: Do patients with ET consume more animal protein than controls?

Patients and controls consumed similar daily quantities of total protein, animal protein, 

animal fat, vegetable fat, carbohydrates, calories, and ethanol (see table 3). Patients 

consumed fewer milligrams of caffeine per day than did controls (see table 3).

We examined the factors that were associated with daily animal protein consumption in 

controls; daily animal protein consumption was associated with daily caloric consumption (r 
= 0.65, p < 0.001) and body mass index (r = 0.25, p = 0.002) and marginally associated with 

age (r = 0.15, p = 0.06) and years at current address (r = 0.14, p = 0.07) but not associated 

with gender, ethnicity, current smokers vs nonsmokers, years of education, number of rooms 

in home, daily caffeine consumption in milligrams, or daily ethanol consumption in grams 

(p values ranging from 0.19 to 0.98).

In a logistic regression analysis that adjusted for potential confounders (daily calories, age in 

years, body mass index, and years at current address), daily total protein intake did not differ 

between patients and controls (OR 1.00, 95% CI: 0.98 to 1.02, p = 0.88). In a similar 
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adjusted analysis, daily animal protein intake did not differ between patients and controls 

(OR 1.006, 95% CI: 0.99 to 1.02, p = 0.48).

We stratified study subjects by tremor severity and diagnosis into five categories. When 

comparing categories 1 through 5, there was no increase in daily consumption of total 

protein (test for trend, p = 0.54; see table 2) or in daily consumption of animal protein (test 

for trend, p = 0.93; see table 2).

Aim 2: Correlation between animal protein consumption and LogHA (controls vs patients)

Among controls, logHA was associated with daily consumption of total protein (r = 0.23, p 
= 0.005), animal protein (r = 0.24, p = 0.003), animal fat (r = 0.22, p = 0.006), and calories (r 
= 0.16, p = 0.045) but not with vegetable fat, carbohydrates, ethanol, or caffeine (see table 

4). In linear regression analyses that controlled for calories, age, body mass index, and years 

at current address, logHA in controls was associated with daily consumption of total protein 

(β = 0.009, p = 0.03) and with daily consumption of animal protein (β = 0.009, p = 0.04).

In patients, logHA was not associated with daily consumption of total protein, animal 

protein, or any of the other food types (see table 4). In linear regression analyses that 

controlled for calories, age, body mass index, and years at current address, logHA in patients 

was not associated with daily consumption of total protein (β = –0.0008, p = 0.85) or with 

daily consumption of animal protein (β = 0.0001, p = 0.81).

Discussion

Animal protein consumption was similar in patients with ET and controls. Moreover, in 

normal controls, daily animal protein consumption was correlated with blood concentration 

of harmane; individuals with higher reported dietary intake of animal protein had higher 

blood harmane concentrations. In patients with ET, this normal correlation between diet and 

blood concentration seemed to be absent. These data suggest that a factor other than 

increased dietary protein intake is responsible for the elevated blood harmane concentration 

in patients with ET and that the normal correlation between dietary protein intake and blood 

harmane concentration is disturbed. Mechanisms for this disturbance could be increased 

endogenous production of harmane in patients with ET or difficulty in metabolizing 

harmane in these patients. Therefore, future studies should examine the role of BCA 

metabolism in the etiology of ET.

Little is known about the normal endogenous production of BCAs in humans; more is 

known about their metabolism. BCAs are a type of heterocyclic amine and, in terms of their 

metabolism, food-derived heterocyclic amines undergo N-oxidation by the hepatic 

cytochrome P-450 system, resulting in an N-hydroxy metabolite.31,33-35 The most active 

P-450 isoform, CYP1A2, is encoded by the CYP1A2 gene, which localizes to human 

chromosome 15q22-qter.33,35,36 In humans, the N-hydroxy metabolite is further metabolized 

by acetyltransferases and, most importantly, N-acetyltransferase 2 (NAT2), a 30-kd 

protein.5,33-35,37,38 The gene encoding this enzyme, denoted NAT2, localizes to human 

chromosome 8p22. Individuals with slow acetylation capacity may have increased 

susceptibility to disease due to the accumulation of toxic metabolites.39,40 It is not known 
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whether patients with ET and controls differ in the distribution of polymorphisms in the 

CYP1A2 or NAT2 genes, but this is worthy of future study.

As reported previously,41 patients with ET consumed less caffeine than did controls, which 

is likely to be a dietary modification in response to tremor. The intake of ethanol did not 

differ between patients with ET and controls. As noted previously,41 this may be a function 

of the age of our sample; many older individuals refrain from the use of ethanol for a variety 

of reasons, including its contraindication in the setting of numerous medications; as a result, 

alcohol consumption diminishes with age.

Although dietary meat is considered the major source of BCAs such as harmane,6-8 we are 

unaware of a previous study that has demonstrated a correlation between meat consumption 

and a biologic measure of BCAs (i.e., blood harmane concentration). This report further 

strengthens the notion that biologic burden of BCAs is related to diet and, more specifically, 

to animal protein consumption.6-8

We did not assess fasting levels of harmane, although dietary intake of meats on the day of 

phlebotomy would only have increased the association between dietary intake and blood 

harmane concentration, making it more likely that we would have found a significant 

correlation between the two in patients with ET. Also, we did not assess liver function, 

variability in the cytochrome P-450 system, or renal function to see whether these factors, 

which could influence the metabolism of harmane, differed in patients and controls. We 

assessed current rather than predisease dietary intake and current blood harmane 

concentrations. Assessment of predisease dietary intake is more relevant for etiologic studies 

of ET and would allow investigators to determine whether alterations in diet or in harmane 

metabolism preceded the onset of disease rather than vice versa. Finally, our patients with 

ET were not ascertained directly from the population, so that it is possible that these patients 

were selected for a more severe form of the disease.
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Figure. 
Mean logHA in five tremor severity/diagnosis categories. Test for trend, p = 0.008.
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Table 1

Demographic and clinical characteristics of patients with ET vs controls

Patients with ET, n = 106 Controls, n = 161 Significance

Age, y 69.7 ± 13.6 63.8 ± 12.6 t = 3.62, p < 0.001

Education, y 15.2 ± 3.3 15.4 ± 3.3 t = 0.35, p = 0.73

No. of rooms in home 5.7 ± 2.3 5.7 ± 2.3 t = 0.21, p = 0.83

Years at current address 21.9 ± 16.3 22.1 ± 14.6 t = 0.13, p = 0.90

Sex, n (% female) 62 (58.5%) 93 (57.8%) χ2 = 0.01, p = 0.91

Ethnicity χ2 = 4.42, p = 0.22

 Non-Hispanic white 100 (94.3%) 142 (88.2%)

 Non-Hispanic African-American 3 (2.9%) 6 (3.7%)

 Hispanic 3 (2.9%) 8 (5.0%)

 Other 0 (0.0%) 5 (3.1%)

Current smokers 8 (7.6%) 16 (9.9%) χ2 = 0.45, p = 0.50

Total tremor score 20.6 ± 7.6 3.8 ± 2.8 t = 21.50, p < 0.001

Tremor duration, y 22.4 ± 18.3 Not applicable Not applicable

ET = essential tremor.
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Table 3

Daily dietary consumption of food types, including total protein and animal protein, in patients with ET vs 

controls

Daily dietary consumption Patients with ET Controls Significance

Total protein, g 65.2 ± 21.2 66.2 ± 22.5 t = 0.33, p = 0.74

Animal protein, g 50.2 ± 19.6 49.4 ± 19.1 t = 0.33, p = 0.74

Animal fat, g 28.0 ± 11.7 29.0 ± 13.9 t = 0.61, p = 0.54

Vegetable fat, g 19.2 ± 9.4 21.2 ± 12.0 t = 1.46, p = 0.15

Carbohydrates, g 177.7 ± 61.0 177.9 ± 80.5 t = 0.02, p = 0.98

Calories, kcal 1,407.4 ± 369.6 1,435.8 ± 498.2 t = 0.52, p = 0.61

Ethanol, g 6.4 ± 9.4 6.3 ± 10.2 t = 0.07, p = 0.94

Caffeine, mg 128.8 ± 140.2 242.4 ± 215.3 t = 5.13, p < 0.001

ET = essential tremor.
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Table 4

Correlations between daily dietary consumptions of protein and other food types with logHA in patients with 

ET and controls

Patients with ET Controls

Total protein r = 0.03, p = 0.76 r = 0.23, p = 0.005

Animal protein r = −0.003, p = 0.98 r = 0.24, p = 0.003

Animal fat r = −0.07, p = 0.46 r = 0.22, p = 0.006

Vegetable fat r = −0.15, p = 0.13 r = 0.04, p = 0.59

Carbohydrates r = 0.07, p = 0.47 r = 0.11, p = 0.16

Calories r = 0.001, p = 0.99 r = 0.16, p = 0.045

Ethanol r = 0.02, p = 0.83 r = −0.12, p = 0.14

Caffeine r = −0.13, p = 0.19 r = −0.07, p = 0.41

ET = essential tremor.
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